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ABBREVIATIONS 
ATP Adenosine triphosphate 
ATPYS Adenosine-5'-0- (3-thiotriphosphate) 








TCA Trichloroacetic acid 
TES (N-tris [Hydroxymethyl] methyl-2-aminoethane 
sulfonic acid 
SDS Sodium dodecyl sulfate 
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INTRODUCTION 
Phosphorylase b kinase (adenosine triphosphate (ATP); 
phosphorylase phosphotransferase, EC 2o7olo37) catalyzes the 
conversion of phosphorylase b to phosphorylase a^ In this 
reaction, which activates the phosphorylase, the terminal 
phosphate group of ATP is transferred to a specific serine 
residue in phosphorylase (Krebs and Fischer, 1956; Nolan et 
al., 1964), This reaction is of great importance when muscle 
must depend on the breakdown of glycogen for energy. Phos­
phorylase kinase, itself, is also capable of being activated 
by phosphorylation (DeLange et alo, 1968)o The activated, or 
phosphorylated, form of the enzyme shows high catalytic ac­
tivity at pH 6,8, whereas the nonactivated form is virtually 
inactive at this pHo The activities of these two forms be­
come more similar as the pH is increased to 8*2. 
Catalytic Reaction of Phosphorylase Kinase 
Phosphorylase kinase is quite specific in its action» 
Besides phosphorylating phosphorylase, it has been reported 
to phosphorylate itself (Walsh et al., 1971a), casein 
(DeLange et al., 1968), the inhibitor component of troponin 
(Stull et alof 1972). and the T component of troponin (Perry 
and Cole, 1973). Of these protein substrates phosphorylase 
is the best, and is the only protein associated with energy 
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production in muscle which is phosphorylated by phosphorylase 
kinase (Cohen, 1974a). 
Phosphorylase kinase constitutes about 1% of the soluble 
proteins in rabbit skeletal muscle. The weight ratio of 
phosphorylase b to phosphorylase kinase has been reported to 
be from approximately 2:1 to 6:1 (DeLange et al., 1968; Cohen, 
1974a). It is puzzling why there should be so much, with re­
spect to its substrate, of an enzyme present within the cell. 
The site on phosphorylase which is phosphorylated by 
phosphorylase kinase is a specific serine residue 14 units 
from the amino terminus (Fischer et al., 1972). A tetradeca-
peptide of residues 5 through 18 containing the convertible 
seryl residue is also phosphorylated at a low rate by phos­
phorylase kinase (Nolan et al», 1964). Tessmer and Graves 
(1973) reported that at pH 8.6 with the tetradecapeptide as 
substrate the was 2-3 tirncG greater and the '.vas 4-9 
times smaller than with phosphorylase as substrate. 
Early work on phosphorylase kinase suggested that the 
++ 
enzyme was activated by Ca ions (Fischer and Krebs, 1955). 
—4 "!—1" 
This activation, which required 10 M Ca and was irrevers-
ible (Meyer et al,, 1964), proved to be due to proteolytic 
attack (Huston and Krebs, 1968). It was noted, however, by 
Meyer et al. (1964) that when the relatively specific calcium 
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chelator ethylene glycol bis(g-aminoethyl ether)-N,N'-tetra-
acetic acid (EGTA) was included in the assay, the kinase ac-
tivity was inhibited. That very low levels of Ca could ac­
tivate kinase was reported by Ozawa et al. (1967), who showed 
an EGTA titration curve of kinase in which half-maximal activ-
-7 ++ ity occurred at 10 M free Ca . At about the same time 
similar results were reported by Krebs et al. (1968). In a 
later report it was suggested that a somewhat higher level of 
Ca^^ might be required for kinase activity (Ozawa, 1972)« The 
EGTA inhibition in these experiments was reversed by Ca , 
and the Ca stimulation of activity was also reversible. It 
is not known if Ca^^ is directly involved in the catalytic 
site or if its requirement is indirect, such as in mainte­
nance of an active conformation. 
In a study utilizing calcium-free reagents Brostrom et 
al. (1371) determined apparent values for of 10 ^ M 
and 10~^ M for phosphorylated and nonphosphorylated kinase, 
respectively. They also found that freshly prepared sarco­
plasmic reticulum was a potent inhibitor of kinase when added 
to the assay. In summary, phosphorylase kinase has an abso­
lute Ca** requirement for catalytic activity. It is stimu-
lated by the same free Ca levels which are thought to occur 
upon release of Ca** from the sarcoplasmic reticulum during 
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muscle contraction. For these reasons phosphorylase kinase 
has been postulated to be the bridge that couples muscle con­
traction with energy production (Ozawa et al., 1967; Brostrom 
et alv, 1971), The discovery that troponin is also a sub­
strate for phosphorylase kinase has made this postulate even 
more exciting. 
When nonactivated kinase is assayed at approximately 
pH 7.5, or below, there is a lag in the rate at which product 
is formed. With time the reaction escapes from the lag and 
becomes linear (Krebs et al., 1959, 1964). By activating the 
kinase or assaying at higher pH there is no apparent lag in 
the time course of the reaction. It has been suggested that 
the lag might be due to dissociation to a more active species 
(Kim and Graves, 1973), or that it may be due to autoactiva-
tion through autophosphorylation (Krebs et al., 1964; Cohen, 
1974a), Kim and Graves (1973) also found that preincubation 
with phosphorylase activates the enzyme. It is possible that 
the lag may be the manifestation of a number of complex inter­
related events. 
Very few effectors of phosphorylase kinase activity have 
been found. Heparin at pH 6.8 and glycogen both stimulate 
kinase activity. Protamine, glucose-6-phosphate, and glucose 
are inhibitors (Krebs et al., 1964). Only the action of glu-
cose-6-phosphate has been looked at in detail, and it seems 
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to exert its action through the substrate phosphorylase rather 
than on the kinase molecule directly (Tu and Graves, 1973). 
In a report comparing the effect of inorganic phosphate on 
blowfly flight muscle kinase with rabbit skeletal muscle ki­
nase, Sacktor et al. (1974) found that inorganic phosphate 
stimulated blowfly kinase but inhibited rabbit muscle kinase„ 
+ + + 
Several monovalent cations (K , Na , and Li ) were also re­
ported to be strong inhibitors of the rabbit skeletal muscle 
kinase activity at pH 7.1„ In a system in which an enzyme 
acts upon a macromolecular substrate, the study of effectors 
is complicated by the fact that they may alter activity by 
binding to the enzyme, the substrate, or both. 
Physical Properties of Phosphorylase Kinase 
Rabbit skeletal muscle phosphorylase kinase is a large 
protein having a sedimentation constant of approximately 23S 
(Krebs et al., 1964; DeLange et al., 1958; Hayakawa et al,, 
1973a; Cohen, 1973). The enzyme is reportedly sensitive to 
pressure denaturation, which causes aggregates to form 
(Hayakawa et al., 1973a), Cohen (1973) found that the concen­
tration of a 37S component increased upon storage, and that a 
48S and larger aggregates were also observable» He found that 
these aggregates retained catalytic activity after rechroma-
tography on Sepharose 4B. The molecular weight of 
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phosphorylase kinase as determined by sedimentation equili­
brium has been reported as 1,33 X 10^ (Hayakawa et al., 
1973a) or 1.28 X 10^ (Cohen, 1973). 
In the presence of sodium dodecyl sulfate (SDS) phospho­
rylase kinase is dissociated, and forms three major bands on 
SDS disc gel electrophoresis. The use of a number of protease 
inhibitors plus extensive denaturation gave no evidence that 
any of these bands are artifactual (Cohen, 1973)„ Hayakawa 
et al. (1973a) using marker proteins on disc gel electro­
phoresis estimated the molecular weights of the subunits to 
be: A = 118,000, B = 108,000, and C = 41,000. Cohen (1973) 
used a combination of gel electrophoresis and sedimentation 
equilibrium of partially fractionated subunits to arrive at 
the following weights: A = 145,000, B = 128,000, and C = 
45,000., Subunits A and B have not been separated from each 
other except on SDS gels. A fourth subunit called A', which 
was also seen by both groups, was determined to have a mole­
cular weight of 140,000 (Cohen, 1973), Initially A' was 
thought to be a proteolytic degradation product of subunit A, 
but recent evidence indicates that the A' band is due to a 
separate isozyme of subunit A present in red skeletal muscle 
(Jennissen and Heilmeyer, 1974). 
The stoichiometry of the subunits in the kinase molecule 
has been determined by Hayakawa et al. (1973a) from relative 
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densities of the gel electrophoresis bands to be A B^ C^q. 
Cohen (1973) used this technique, plus gel filtration in the 
presence of SDS, and incorporation of radioactive iodoacetate 
into each subunit. The stoichiometry determined by all three 
techniques was The structure of the native dodeca-
meric enzyme is extremely stable with respect to dissociation. 
Attempts to induce dissociation with treatments milder than 
SDS denaturation have been fruitless (Graves et al», 1973). 
Activation of Phosphorylase Kinase 
Activation of phosphorylase kinase by proteolytic attack, 
phosphorylation by protein kinase, and autophosphorylation 
will be considered in this section. These three subdivisions 
will refer to dm vitro studies only. In most cases the ex­
periments were performed by preincubating the phosphorylase 
kinase with the appropriate activator, which was thsn diluted 
out prior to the kinase activity assay* In a few cases, how­
ever, the activator was included directly in the activity 
assay. Most studies of activation measure the increase of 
kinase activity at pH 6.8, where it is most pronounced. When 
assayed at higher pK the activation bccomes less apparent. 
The final subdivision will concern studies involving vivo 
activation. Unless otherwise stated all of these studies use 
rabbit skeletal muscle as the tissue source. 
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Proteolytic activation 
++ It was shown very early that Ca stimulated conversion 
of phosphorylase b to a in muscle extracts (Fischer and Krebs, 
1955)„ Subsequently it was shown, that at physiological pH, 
phosphorylase kinase was activated by Ca plus a protein 
factor (Meyer et al., 1964). This protein factor was later 
purified extensively and found to be a Ca -dependent prote­
ase (Huston and Krebs, 1968). 
Trypsin was also found to be a potent activator of phos­
phorylase kinase, especially when assays were performed at 
neutral pH (Krebs et al., 1964), During a time course in 
which the catalytic activity increases nearly 100-fold, there 
is a marked degradation of subunits A and B (Hayakawa et al., 
1973b; Cohen, 1973). Subunit C, on the other hand, is resist­
ant to tryptic attack. Graves et al, (1973) found that tryp-
tic attack of phosphorylase kinase produces a lower molecular 
weight species with a sedimentation constant of 68 which re­
tains catalytic activity. Subunits A and B are absent in this 
6s fraction, but subunit C is still present. 
Another protease which is equally effective in activating 
phosphorylase kinase is chymotrypsin (Huston and Krebs, 1968) <, 
The ability of so many proteases to activate phosphorylase 
kinase necessitates caution in the interpretation of experi­
ments in which activation occurs. Cohen (1973) has found 
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that kinase can be activated 20-fold by endogenous protease(s) 
over a 2 week period while stored at 4°. 
Activation by protein kinase 
Shortly after phosphorylase kinase was discovered, it 
was shown that cyclic AMP would stimulate its activation in 
the presence of MgATP (Krebs et al., 1959). This activation 
was later shown to be accompanied by phosphorylation (DeLange 
et al,, 1968). These workers suggested that the effect of 
cyclic AMP might be exerted through a contaminating enzyme in 
the phosphorylase kinase preparation because phosphorylase ki­
nase, itself, was unable to show significant binding of cyclic 
AMP. Further evidence that there was a contaminating enzymic 
activity capable of activating phosphorylase kinase was found 
through activation studies in which EGTA, a heat-stable pro­
tein inhibitor, and low MgATP concentrations were employed 
(Krebs and Walsh, 1969). This contaminating activity led to 
the purification of a cyclic AMP-dependent protein kinase from 
muscle extracts (Walsh et al., 1368)„ This cyclic AMP-depend­
ent protein kinase which phosphorylates and activates phospho­
rylase kinase was shown to be identical with the kinase that 
phosphorylates and inactivates glycogen synthase (soderling 
et alo, 1970). The discovery of this protein kinase and its 
action on phosphorylase kinase clarified the last step linking 
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hormones to glycogenolysis and provided for the first time a 
discrete locus of cyclic AMP action in a possible physiologi­
cal event. 
The manner in which phosphorylation of phosphorylase ki­
nase activates the enzyme has been reported to be through a 
lowering of the for the substrate phosphorylase b (Krebs 
et al., 1964). At pH 7.5 nonphosphorylated kinase was re-
-4 ported to have a for phosphorylase b of 1.25 X 10 M, but 
the dropped to 3,7 X lO"^ M upon phosphorylation. Phospho­
rylation caused no significant change in the for MgATP. 
This study, which was good for its time, has some shortcomings 
in view of what is known presently about kinase. The degree 
"H" 
of phosphorylation of the kinase was unknown, the Ca levels 
were not known, a relatively crude kinase preparation was 
used, and the assay system was not very sensitive. It would 
be of value to see a more up to date study done on the kinet­
ic effects of activation. 
Hayakawa et al, (1973b) followed the incorporation of 
phosphate into the subunits of phosphorylase kinase by the 
catalytic subunit of cyclic AMF-dspandsnt protein kinase at 
low ATP concentration (0.13 ml»!), A rapid incorporation of 
phosphate occurred in subunit After a brief lag period 
phosphate was incorporated into subunit A. The phosphoryla­
tion of subunit A began when subunit B was phosphorylated to 
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approximately half of its maximal extent. The extent of 
phosphorylation was slightly less than half a mole of phos­
phate per subunit B, but greater than 1 mole of phosphate per 
subunit A. Subunit C was not phosphorylated, and no signifi­
cant phosphorylation occurred in the absence of protein ki­
nase at this ATP concentration. The increase in activity at 
PH 8.2 roughly followed phosphorylation of subunit B. Activi­
ty at pH 6.8, however, kept increasing long after phosphoryla­
tion of subunit B had reached a plateau, although subunit A 
was still being phosphorylated. 
A similar experiment was also reported by Cohen (1972, 
1973) who included EGTA along with cyclic AMP-dependent pro­
tein kinase and low levels of ATP in his activation mixture. 
Similar rates and lag were seen for phosphorylation of the 
Subunits. The increase in activity at pH 6^8 which he saw 
more closely followed phosphorylation of subunit B. The 
stoichiometry of phosphate incorporation was nearly 1 mole of 
phosphate into each of the 2 subunits, A and B, at the plateau 
level. 
Recently the sequences of the sites from subunits A and B 
phosphorylated by protein kinase have been published (Cohen^ 
1974b; Cohen et al», 1975). This otherwise formidable task 
was made possible by relying on 4 properties of their system: 
1) apparently stoichiometric phosphorylation, 2) differential 
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rates of phosphorylation of subunits A and B, 3) rapid pre­
ferential attack of the phosphoseryl site of subunit B by 
trypsin, and 4) specific dephosphorylation of subunit B. The 
sequences of the phosphopeptides from subunits B and A were 
reported to be as follows: 
Subunit B Gln-Ser-Gly-Ser (P)-j^^-Tyr-Pro-Leu-Lys 
Subunit A Arg—Leu—Ser(P)—lie—Ser—Thr—Glu—Ser—Glx—Pro—Asx—Gly 
These authors feel that protein kinase phosphorylated phospho-
rylase kinase specifically at just 2 sites on the enzyme, 1 on 
each of the 2 subunits. The duplicity adjacent to the phos­
phoseryl residue is thought to be due to 2 alleles for subunit 
B in New Zealand white rabbits. 
Autoactivation 
Besides activation by cyclic AMP-dependent protein kinase 
catalyzed phosphorylation, phosphorylase kinase can also be 
activated by itself. This autoactivation is also accompanied 
by phosphorylation. Initially activation studies with phos­
phorylase kinase were performed by preincubating the enzyme 
with roillimolar levels of MgATP (Krebs et al., 1959; Krebs et 
al., 1964), It was found that activation occurred by prein­
cubation with MgATP alone, but that the activation was stimu­
lated by cyclic AMP (Krebs et al., 1959). Cyclic AMP was 
first speculated to act in this system as an allosteric 
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effector of phosphorylase kinase, causing a conformation 
which was more easily phosphorylated (Krebs et alu, 1964). 
It had only recently been demonstrated that ATP activation 
was accompanied by phosphorylation (Trayser et al., 1962). 
Huijing and Earner (1966), after analysis of kinetic data 
from Krebs' laboratory, postulated that the activation at 
high MgATP levels in the presence of cyclic AMP might be due 
to 2 different enzymes. 
By varying the MgATP levels and cyclic AMP it became ob­
vious that there were 2 different mechanisms for activation 
by incubation with MgATP. As before, with high MgATP levels 
—3 ++ (3 X 10 M ATP with saturating Mg ) activation occurred in 
the absence of cyclic AMP (Krebs and Walsh, 1969). At low 
levels of MgATP (1.8 X 10"^ M ATP with saturating Mg^^), ac­
tivation occurred only in the presence of cyclic AMP. This 
data is now interpreted as being a result of the difference 
in K values for MgATP between phosphorylase kinase and cyclic 
m 
AMP-dependent protein kinase. 
Further evidence that autoactivation exists apart from 
protein kinase catalyzed activation was demonstrated by EGÏÀ 
inhibition. Not only is the conversion of phosphorylase in­
hibited by EGTA (Meyer et al., 1964), but so is the activation 
reaction. In a system utilizing high MgATP levels, BGTA al­
most totally blocked activation that occurred in the absence 
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of cyclic AMP, but only caused a slight inhibition in the pre­
sence of cyclic AMP (Krebs and Walsh, 1959; Walsh et al., 
1971a). The EGTA inhibition of the activation reaction can 
"H" be overcome by addition of Ca (Walsh et al., 1971a)o 
Final proof of 2 catalytic mechanisms for phosphorylase 
kinase activation was provided through experiments with a heat-
stable protein inhibitor of cyclic AMP-dependent protein ki­
nase (Walsh et al., 1971b). When the inhibitor was added to 
an activation reaction containing cyclic AMP, it lowered the 
activation to the level that occurred in the absence of cyclic 
AMP. However, the inhibitor had no effect on the kinase acti­
vation in the absence of cyclic AMP (Krebs and Walsh, 1969; 
Walsh et al., 1971a). EGTA plus the protein inhibitor caused 
nearly complete inhibition of the activation reaction even in 
the presence of cyclic AMP (Walsh et al., 1971a)„ 
Autcactivation was found to occur at a slower rate than 
protein kinase catalyzed activation (Walsh et al., 1971a). 
The rate of autophosphorylation, unlike protein kinase cata­
lyzed phosphorylation, demonstrates a pronounced lag or rate 
increase with time (DeLange et al., 1968), as would be ex­
pected if it were catalyzing its own phosphorylation. It is 
not known whether autophosphorylation is intermolecular or in­
tramolecular; however, there is data available which would sup­
port an intermolecular scheme, DeLange et al. (1968) reported 
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that the rate of autoactivation was more rapid at each of 4 
progressively higher phosphorylase kinase concentrations, in 
other words, as the kinase concentration in the preincubation 
mix was decreased, a smaller fraction of the kinase was acti­
vated in a given time period. Stronger support for inter-
molecular phosphorylation was seen in an experiment in which 
nonactivated kinase was used as a substrate for activated ki­
nase. Activation of nonactivated kinase was stimulated in 
the presence of the activated kinase, which did not undergo 
additional change in activity (DeLange et al., 1S6S). So, 
not only was the kinase activated toward conversion of phos­
phorylase, it was apparently activated toward its own activa­
tion. 
Aside from the absolute requirement for Ca , very few 
effectors of autophosphorylation have been noted. Glycogen, 
which has been shown to stimulate phosphorylase b to a con­
version (Krebs et al„, 1964), is also an effector of the ac­
tivation of phosphorylase kinase. In the absence of cyclic 
AMP, 0.8% glycogen was shown to increase the rate of phospho­
rylation 2-fold (DeLange et al., 1968), The rate of autoac­
tivation was also determined to be sensitive to hydrogen ion 
concentration in a manner analogous to the normal catalytic 
conversion of phosphorylase, i.e» as the pH was increased 
from 6.5 to 8.5, the rate of activation showed a corresponding 
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increase (Krebs et al., 1964). It was also noted that small 
increases in the ionic strength of the activation mixture 
caused kinase activation to be strongly inhibited (Krebs et 
al., 1964). 
One major difference between protein kinase catalyzed 
phosphorylation and autophosphorylation is in the stoichio-
metry of phosphate groups incorporated per kinase molecule. 
As was noted in the previous section, protein kinase phospho­
rylation reportedly occurs at only 2 major sites, 1 on each 
subunit. This would amount to approximately 8 phosphate 
groups per mole of kinase„ Autophosphorylation at high MgATP 
levels apparently gives a more complex phosphorylation pat­
tern. Data presented in several papers from Krebs' laboratory 
indicated that anywhere from 20 to 38 moles of phosphate were 
incorporated per mole of kinase during autophosphorylation 
(DeLange et al., 1968; Riley et al., 1968; Walsh et al., 
1971a). That there were multiple sites of phosphorylation was 
further shown by the existence of 20 different phosphopeptides 
from proteolytic digests of autophosphorylated kinase (Riley 
et alw, 1968)o There was some specificity noted in the order 
of phosphorylation, however, since the first spots phosphcryl-
ated were also the first to be dephosphorylated by a phospho-
rylase kinase phosphatase activity. It is not known if there 
is an identity between any of the autophosphorylation sites 
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and the protein kinase phosphorylation sites. 
There is also a difference in the rate at which the sub-
units are phosphorylated in the 2 different types of activa­
tion. Protein kinase phosphorylation of subunit B occurs very 
rapidly, followed more slowly by phosphorylation of subunit A; 
the reverse situation is true for autophosphorylation. Haya-
kawa et al. (1973b) showed that subunit B is initially phos­
phorylated more rapidly than subunit Av However, subunit A 
comes out of its lag in a matter of minutes and is then phos­
phorylated at a much faster rate than subunit Bu The reason 
for the lag in subunit A phosphorylation by both protein ki­
nase and autophosphorylation remains an enigma. It is not 
known, for example, if there is even a causal relationship in 
the phosphorylation of the 2 subunits. A summary of the dif­
ferences noted in the literature between autophosphorylation 
and protein kinase phosphorylation is shown in Table I. 
The change in enzymic activity at pH 5.8 upon autoactiva-
tion by preincubation with high levels of MgATP has been re­
ported to be only 3-fold (Hayakawa et al., 1973b). This is 
much less than the possible 50-fold activation seen when acti­
vated with protein kinase (cohen, 1974a). Since the phospho-
rylase kinase assays are carried out at high mgATP levels 
favoring autophosphorylation, researchers have sought to de­
termine how the kinase activity might change during the course 
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of a normal assay. This possibility was first considered by 
Krebs et alo (1959). In a later report the conversion of 
phosphorylase was performed at pH 8„2 with aliquots removed 
and assayed for kinase activity at pH 6.8. It was found that 
between 30 seconds and 5 minutes the rate at pH 6.8 had only 
doubled (Krebs et al., 1964). It has never been established, 
however, that the lag in the time course of phosphorylase a 
formation is actually due to autophosphorylation and activa­
tion of phosphorylase kinase„ The picture is made more com­
plex by the fact that preincubation with the other substrate, 
phosphorylase b, will also activate the kinase and shorten the 
lag period (Kim and Graves, 1973). Furthermore, in an experi­
ment in which cyclic AMP was included in the assay, the kinase 
was stimulated without any noticeable change in the lag period 
(Krebs et al., 1959)„ 
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Table I. Literature Comparison of Autophosphorylation with 
Phosphorylation Catalyzed by Protein Kinase 
Autophosphorylation Protein Kinase Phosphorylation 
No cyclic AMP requirement Required cyclic AMP 
Occurs only at high ATP Will occur at low ATP 
levels^'^ levels^'^ 
EGTA almost totally blocks^ Only slightly inhibited by 
EGTA^ 
Slow rate^ Rapid rate 
3-fold activity increase^ Up to 50-fold activity 
increase® 
38 moles phosphate per mole 8 moles phosphate per mole 
f kinase kinase^ 
After initial lag Subunit A° Subunit B is phosphorylated 
is phosphorylated more more rapidly 
rapidly 
^ of phosphorylase kinase for ATP with 10 mM equals 
2.4 X 10"^ M (Krebs et al., 1964), K of protein kinase for 
4.4. 5^ 
ATP with 10 mM Mg"*"*" equals 1.5 X 10" M (Reimann et al., 
(1971). 
^ Krebs and Walsh, 1969. 
Walsh et al., 1971a. 
^ Hayakawa et al., 1973b, 
^ Cohen, 1974a. 
^ Riley et al., 1968. 
^ Cohen et al., 1975 
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Activation vivo 
In a classical paper Danforth et al. (1962) found that 
phosphorylase a of frog sartorius muscle rose from less than 
5% to nearly 100% of the total phosphorylase within 3 seconds 
of the onset of tetanic contraction. The increase of phos­
phorylase a in response to epinephrine, however, required 
minutes. Kinetic analysis of the rate of phosphorylase a 
formation suggested that the effects seen were due to changes 
in phosphorylase kinase and not phosphorylase phosphatase. 
Dichloroisoproterenol, an antagonist of epinephrine, inhib­
ited the formation of phosphorylase a in response to epine­
phrine, but had no effect on the increased phosphorylase a 
levels produced by tetanic contraction. The interpretation 
of the dichloroisoproterenol data was that there are 2 me­
chanisms for activating phosphorylase kinase, 1 triggered by 
epinephrine and the other by muscle contraction. 
Studies designed to directly measure phosphorylase ki­
nase activation upon stimulation by epinephrine or tetanic 
contraction have been in conflict. Since activation of phos­
phorylase kinase is most apparent at pH 6.8, the ratio of ac­
tivity at pH 6.8 to that at pK 8.2 has usually been used as 
an index of kinase activation. Posner et al. (1955) found 
that with rat and frog muscle both epinephrine and electrical 
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stimulation caused an increase in the 6.8:8.2 kinase activity 
ratio. Stimulation of rat and frog muscle was also studied 
by Drumxnond et al. (1969) who found that an increase in phos-
phorylase a, cyclic AMP, and 6.8:8.2 kinase activity ratio 
followed epinephrine administration. In contrast, they found 
no activation of phosphorylase kinase upon electrical stimu­
lation, even though phosphorylase a was rapidly formed. In a 
kinetic study employing rabbit muscle, Stull and Mayer (1971) 
found that catecholamines stimulated phosphorylase a forma­
tion, cyclic AMP production, and activation of phosphorylase 
kinase; however, the phosphorylase a formation preceded ei­
ther the increased cyclic AMP production or phosphorylase ki­
nase activation. They found no change in phosphorylase kinase 
activity or cyclic AMP concentration after tetanic stimulation. 
Part of the conflict among these experiments could be due to 
the use of the pH 6.8:8^2 activity ratio as an index of phos­
phorylase kinase activation. Kim and Graves (1973) warned 
that this ratio depends upon several factors and can be mis­
leading. Measurement of cyclic AMP concentration can also be 
misleading since it does not seem likely that there would be a 
significant increase in the amount of the free nucleotide un­
til after the physiological response had been initiated. The 
bulk of the data, however, does seem to suggest that there 
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are at least 2 mechanisms for activation of phosphorylase ki­
nase vivo. 
32 
The picture is more confusing if both P incorporation 
and enzyme activation are considered. Mayer and Krebs (1970) 
administered radioactive inorganic phosphate to rabbits 2 
hours prior to epinephrine stimulation. Phosphorylase and 
phosphorylase kinase were isolated from the rapidly frozen 
32 leg muscle and both activity and P incorporation were deter­
mined. The validity of their technique was demonstrated by 
the fact that phosphorylase activation coincided with incor­
poration of 0.8 moles phosphate per phosphorylase monomer. The 
specific activity of this phosphate was the same as that of 
the muscle ATP pool. In contrast to phosphorylase, phospho­
rylase kinase contained bound phosphate independently of its 
degree of activation. No relation could be found between the 
amount of kinase phosphorylation and the increase in its 
6„8;8,2 activity ratio in response to epinephrine. In fact, 
the most extensive phosphorylation was observed in muscle that 
had not been subjected to epinephrine treatment. Several cri­
teria indicate that the phosphate associated with the kinase 
was not due to occlusion. The same specific radioactivity was 
obtained with a dialyzed ammonium sulfate precipitate or with 
protein passed over Sephadex G-200, No appreciable phosphate 
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was released by 0.25 N HCl, yet it was released by 0.25 N 
NaOH. Finally, the protein was repeatedly precipitated and 
redissolved until constant specific radioactivity was a-
chieved. On the basis of these 3 facts it seems likely that 
the phosphate associated with phosphorylase kinase was cova-
lently bound. It is possible that the high background of phos­
phate incorporation would effectively mask any increase in 
phosphorylation due to epinephrine administration. 
Another surprising aspect of the work by Mayer and Krebs 
(1970) was the specific radioactivity of the phosphorylase ki­
nase. Whereas phosphorylase a specific activity coincided 
with that of the muscle ATP pool, the specific activity of 
the kinase was 3 times greater. This is especially intriguing 
when it is remembered that kinase must have access to the same 
ATP pool used to convert phosphorylase. 
Instead of trying to correlate changes in activity, phos­
phorylation, or cyclic AMP levels with epinephrine stimula­
tion, Yeaman and Cohen (1974, 1975) have compared phosphopep-
tides obtained from both ^  vitro and in_ vivo systems. After 
injection of epinephrine into a rabbit, peptides were obtained 
from tryptic attack of the isolated kinase which corresponded 
chromatographically and electrophoretically to phosphopeptides 
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derived from ^  vitro phosphorylation of purified phosphoryl-
ase kinase by cyclic AMP-dependent protein kinase. This 
valuable approach, which circumvents many problems, indicates 
that both subunits A and B are phosphorylated vivo. Cau­
tion should be exercised, however, in designating the phos­
phorylation as being totally due to epinephrine, since Mayer 
and Krebs (1970) found high levels of phosphorylation in the 
absence of epinephrine, 
A glycogen particle derived from muscle has been used as 
a model system to study m vivo activation of phosphorylass 
kinase. This protein-glycogen complex contains the major 
enzymes associated with glycogen metabolism and is isolable by 
3 different methods, thus indicating it is not artifactual 
(Meyer et al,, 1970), The phosphorylase within the particle 
exists totally in the dephosphorylated form (Heilmeyer et al., 
1970); Upon addition of Ca^"*" and MqATP there is an immediate 
conversion of phosphorylase b to This rapid conversion, 
termed flash activation, is totally dependent upon ca since 
no activation of phosphorylase occurs with MgATP alone. The 
-f4- ... 
Ca activation is reversible and half-maximal activation oc-
-6 ++ 
curs over a very narrow range at 10 M free Ca . Activation 
by Ca*^ was accompanied by a 13-fold increase in the affinity 
of the phosphorylase kinase for phosphorylase b with no appar-
ent change in the maximal velocity, when the Ca -activated 
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kinase was assayed at high dilution at pH 6.8 there was no 
evidence that it had been phosphorylated, i.e. there was no 
increase in its 6.8 activity. Destruction of the glycogen 
with amylase increased the affinity of kinase for ca^^ 10-
fold to the level observed with the purified enzyme. 
Heilmeyer et al» (1970) reported a delayed 20% activation 
of phosphorylase when the particle was incubated with MgATP 
and cyclic AMP in the absence of added Ca**. This was accom­
panied by a 6-fold increase in phosphorylase kinase activity, 
Yeaman and Cohen (1375), however, reported that no significant 
phosphorylase a formation occurred with MgATP and cyclic AMP 
except when Ca^^ was added. They further state that kinase is 
activated to about 20% maximum in the presence of MgATP alone 
r-j L 
With no cyclic AMP or Ca added. Despite these conflicts 
the glycogen particle appears to hold much promise for the 
elucidation of the mechanisms by which phosphorylase kinase 
may be activated ^  vivo, 
Dephosphorylation and Subunit interaction 
of Phosphorylase Kinase 
An enzymic activity capable of dephoâphorylating and in­
activating phosphorylase kinase was first reported by Riley 
et al. (1968). This kinase phosphatase had a pH optimum of 
6.5-7.0, was inhibited by F~, and activated by divalent metal 
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ions. The enzyme, purified 20-fold from rabbit skeletal mus­
cle, did not act on phosphorylase a, phosphocasein, or p-ni-
trophenyl phosphate. It was found that brain, skeletal mus­
cle, and lung were particularly good sources of the kinase 
phosphatase activity. This report established the reversible 
nature of kinase activation essential to a scheme of physio­
logical regulationo 
Cohen and Antoniw (1973) have reported on how the phos­
phorylation pattern of the kinase affects its dephosphoryla-
tion. In their work they relied upon endogenous phosphatase 
activity present in purified phosphorylase kinase. When cy­
clic AMP-dependent protein kinase was allowed to phosphorylate 
phosphorylase kinase to only 50% completion (subunit B = .75 
moles phosphate; subunit A = .23 moles phosphate), little de-
phosphorylation of either subunit occurred unless Mn or Mg 
were added. If phosphorylation reached completion (1.05 moles 
phosphate in both subunits A and B), then immediate dephospho-
rylation of subunit B occurred without addition of metals. 
Subunit A, on the other hand, showed no significant dephospho-
rylation unless or Mn^^ were added. This phosphatase ac­
tivity was also inhibited by F~ ions. An absolute correlation 
was seen between dephosphorylation of subunit B and loss of 
enzymic activity, proving that phosphorylation of subunit B by 
protein kinase is responsible for the increase in enzymic 
activity. 
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In a later report Antoniw and Cohen (1975) found that 
after a 700-fold purification of kinase phosphatase from 
skeletal muscle the ability to dephosphorylate subunits A and 
B began to differentiate. They found that there are 2 kinase 
phosphatases, each being specific for 1 subunit. The phospha­
tases had molecular weights estimated at 125,000 for subunit 
A, and 80,000 for subunit B. Regulation of kinase activity 
through dephosphorylation will undoubtedly provide new knowl­
edge about the control of glycogen metabolism and the inter­
action of the subunits in phosphorylase kinase. 
Because of the difficulty of dissociating phosphorylase 
kinase little has been reported on the properties, functions, 
or interactions of the kinase subunits. Cohen's elegant work 
showing that the state of phosphorylation of subunit A can 
control the dephosphorylation of subunit B will allow precise 
experiments to be performed on the intact kinase molecule. 
It seems likely that the catalytic subunit is subject to con­
formational constraint by the remaining subunits because tryp-
tic attack and phosphorylation activate the kinase. Evidence 
has recently been presented that the catalytic subunit of dog­
fish skeletal muscle phosphorylase kinase is subunit B (Fischer 
et alo, 1975). 
The object of this work was to determine the cause for 
the activation of phosphorylase kinase that occurs during the 
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lag period of its catalytic reaction. Dissociation and phos­
phorylation were both studied as possible causative agents of 
the lag. Effectors of kinase catalytic activity were exam­





Glycogen was purified as described (Anderson and Graves, 
32 1973). [Y- P]ATP was prepared essentially by the method of 
Glynn and Chappell (1964). Adenosine-5'-0-(3-thiotriphosphate) 
(ATPYS) was purchased as the tetralithium salt from Boehringer 
Mannheim Corporation. Aquasol scintillation fluid was pur­
chased from New England Nuclear. 
Neutral salts were purchased, when possible, in the anhy­
drous state. All the salts were dried in a vacuum oven at a 
pressure of less than 1 mm mercury and stored in a desiccator 
before using. NaBr, NaCl, NaNOg, NaSCN, and NaT were heated 
for 36 hours at 100°. LiEr, KBr, (CHgCHgi^NBr; (CHgY^NBr, 
o 
LiCl, CsCl, KCl, and Na^SO^ were dried for 20 hours at 95 . 
NH^Br, NH^Cl, NaCH^COg, and KCH^CO^ were dried for 6 hours at 
50°. 
Histone (Type II-A) from calf thymus was purchased from 
Sigma Chemical Company„ The catalytic subunit of protein ki­
nase,- prepared by the method of Beavo et al. (1974), was pro­
vided by JJR; Skuster. 
Phosphorylase b was isolated from rabbit skeletal muscle 
as described (Fischer and Krebs, 1958). Residual AMP was re= 
moved by treatment with acid washed Norit A until the ratio of 
absorbance at 260 nm to 280 nm was less than 0.55. At this 
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point the glycerophosphate was usually removed by dialysis 
against 0.04 M HEPES or TES, 0.03 M mercaptoethanol, pH 6.8. 
The tetradecapeptide corresponding to the convertible 
serine region of phosphorylase was prepared synthetically on 
a Beckman 990 peptide synthesizer. The crude peptide was 
purified to homogeneity by GoM. Tessmer and LoB, Tabatabai. 
Nonactivated phosphorylase kinase was prepared by the 
method of Brostrom et al. (1971). This kinase, which was used 
32 for activity experiments and for preparation of P-phospho-
rylated kinase, was stored frozen in 10% sucrose, 50 mM gly­
cerophosphate, 2 mM EDTA, pH 6.8„ For studies involving 
phosphorylation of the phosphorylase kinase or ultracentrifu-
gation, the kinase was further purified by DEAE cellulose 
chromatography (Cohen, 1973; Jennissen and Heilmeyer, 1975). 
The DEAE column (1.1 cm X 20 cm) was equilibrated with 50 mM 
glycerophosphate.. 2 mM EDTA, 1 mM DTE, pH 7,0. Kinase was 
dialyzed against the equilibration buffer before being applied 
to the column. Good purification with acceptable dilution was 
achieved when the ratio of kinase to DEAE was 1.5 mg kinase 
? 
per cm" column bed volume. The kinase was eluted with a 200 
ml salt gradient (total volume) from 0.0 to 0.5 H KaCl made up 
in the equilibration buffer. Kinase was stored frozen in this 
buffer after the NaCl was removed by dialysis= 
32 
P-phosphorylated kinase used in experiments attempting 
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to dissociate the kinase was prepared so as to achieve maxi­
mal incorporation of radioactive label. Typically, the phos­
phorylation reaction at pH 6.8 consisted of nonactivated ki­
nase (3 mg/ml), P p^Jatp (1 mM), MgfCHgCOglg mM), cyclic 
AMP (1 UM), glycerophosphate (30 mM), and mercaptoethanol 
(8 mM). Exogenous protein kinase was often added, but the re­
action proceeds adequately with the trace amounts of endo­
genous protein kinase that copurifies with phosphorylase ki­
nase. The reaction was allowed to continue for 1 hour at 30°. 
r32 1 
Excess L PjATF and other low molecular weight materials were 
removed by passing the kinase over a Sephadex G-25 column 
(2,8 cm X 32 cm) equilibrated with 10% sucrose, 10 mM gly­
cerophosphate, 1 mM EDTA, pH 6.8. 
Methods 
Determination of protein concentration by the Folin pro­
cedure was as described (Layne, 1957). Phosphorylase and 
phosphorylase kinase concentrations were routinely determined 
spectrophotometrically using absorbance indices of 13*0 
(Kastenschmidt et al., 1968) and 12.0 (Hayakawa et al,, i973a), 
respectively., for 1% protein solutions at 280 nm. Molecular 
weights of 1 X 10^ for monomer phosphorylase (Cohen et al., 
1971) and 1.28 X 10^ for phosphorylase kinase (Cohen, 1973) 
were used for calculations of the extent of phosphorylation. 
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The subunit composition of phosphorylase kinase was taken to 
be (Cohen, 1973), 
Sedimentation velocity experiments were carried out in a 
Spinco Model E analytical ultracentrifuge. The rotor speed 
was 52,000 rpm and the temperature was 21*6°. Pictures, us­
ing a Schlieren optical system, were taken at 4 minute inter­
vals. A Nikon microcomparator aided in determining sedimen­
tation coefficients, which were, in turn, corrected for den­
sity and viscosity of the buffer to those of water at 20°. 
Dissociation as monitored by gel filtration 
Gel filtration chromatography was chosen as a method 
for screening conditions that might cause dissociation of 
phosphorylase kinase- The technique has many advantages. 
Since phosphorylase kinase is naturally phosphorylated, it is 
easily labeled» The radioactive label, which is present on 
2 subunits, allows one to determine the presence of kinase 
directly without measuring enzymic activity. The label also 
allows experiments to be performed at low protein concentra­
tion, thus favoring dissociation. The technique is also easy, 
rapid, and allows many diverse conditions to be screened. 
•There are, however, several disadvantages in using gel 
filtration for the kinase system. Dextran and agarose, which 
are commonly used in making gels of large pore size, are 
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theoretically capable of behaving like analogs of glycogen, a 
known effector of phosphorylase kinase (DeLange et al., 1958). 
Kinase has a tendency to undergo aggregation (Cohen, 1973) „ 
Consequently, low recovery of activity from a Sephadex or 
Sepharose column could mean that the kinase was bound to the 
column, or that it had formed aggregates too large to effec­
tively enter the void space between gel beads. Another prob­
lem is that the material which elutes in the void volume is 
only described in terms of a lower limit molecular weight. No 
distinction can be made between polymerized and native kinase 
if the native kinase elutes in the void volume. A wide vari­
ety of conditions and gel types must be used to interpret the 
behavior of kinase in gel filtration chromatography. 
Gel filtration columns used in this work were 1„1 cm in 
diameter and 30 cm long. Void volumes were determined with 
dextran blue 2000, The kinase was diluted at least 5-fold 
with column equilibration buffer and incubated at 30^ for at 
least 15 minutes before being applied to the column. Applica­
tion volumes ranged from 0.1 to 0.4 ml and kinase concentra­
tion ranged from 40 to 480 yg/ml. The columns were run at 
room temperature with a 23 cm pressure head. The fraction 
size collected was generally 0.3 ml. Liquid scintillation 
counting was performed on 0.2 aliquots of the eluted fractions 
in 15 mis of Bray's solution. With some buffers an additional 
1 ml of water was added to clarify the scintillation fluid. 
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Agarose gels are unstable above pH 9,0 (Reiland, 1971). 
So, in experiments at high pH with Sepharose, the columns 
were checked periodically for decomposition by comparing 
elution profiles of dextran blue 2000 obtained at various 
times during the day. In no case were Sepharose columns used 
for more than 36 hours after they had been exposed to a pH 
greater than 9.0. 
Assays of enzymic activity 
phosphorylase was assayed in the direction of glycogen 
synthesis by the method of Illingworth and Cori (1953). 
Phosphorylase kinase was assayed either by measuring the 
32 increase in phosphorylase a activity or by determining P 
incorporation into phosphorylase from [y-^^P^ATP. The former 
assay was essentially the micro-assay described by Brostrom 
et al. (1971), and both assays used the reagent concentra­
is 
tions described therein, incorporation of P was measured 
with the filter paper assay described by Reimann et al, (1971)„ 
The kinase was not usually assayed in the presence of glycero­
phosphate buffer. It was found that the enzymic activity of 
nonactivated and phosphorylated kinase assayed at pH 7,5 in 
the presence of various buffers was most influenced by gly­
cerophosphate. HEPES, TES, and TRIS at 0,04 M gave similar 
activity values for both forms of kinase. However, 0.04 M 
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TRIS-0.05 M glycerophosphate, the accepted assay buffer sys­
tem, caused inhibition of nonactivated kinase and stimulation 
of phosphorylated kinase with respect to the previous 3 buf­
fers. The stimulation of phosphorylated kinase activity at 
pH 7.5 in TES buffer (0o05 M) by addition of glycerophosphate 
is shown in Figure 1. Maximal stimulation occurs between 
0.05 and 0„1 M glycerophosphate. Inhibition does not occur 
until the glycerophosphate concentration has reached 0.14 M. 
The standard assay concentration of 0.06 M glycerophosphate is 
stimulatory. In separata experiments at pH 6,8, it was noted 
that addition of 10 M Ca causes a greater stimulation of 
activity in a glycerophosphate buffer system than in a TES 
•j" I 
buffer system. This Ca effect was seen with both nonacti­
vated and phosphorylated kinase» 
Formation of phosphorylated peptide was followed with an 
assay developed by G.M. Tessmer* Reaction aliquots (up to 
20 yl) were applied to 1 X 2 cm strips of Whatman P81 phospho-
cellulose paper, which has a high affinity for the phosphoryl­
ated peptide. The reaction was stopped by dropping the paper 
[32 1 
strips into 1 N acetic acid, excess L FJATP was removed by 
washing the strips 4 times at 20 minutes each with the acetic 
acid. Each washing contained at least 10 mis of acid for each 
strip. The papers were then rinsed with ethanol, followed by 
ether, dried, and counted in 15 mis of Bray's solution. 
Figure 1, 
Influence of glycerophosphate on activity of phosphorylated 
kinase. The assays contained phosphorylase b (8.5 mg/ml), 
buffer (50 mM TES, pH 7.5), MgATP (7.5 mM MgfCHgCOgig, 
2.6 mM [ "P]ATP), mercaptoethanol (13 mM), and glycerophos­
phate adjusted to pH 7,5. The reactions were initiated with 
phosphorylated kinase (0,3 yg/ml) prepared as described in 
Materials. Aliquots from the 30° reaction were removed at 
32 5 minute intervals for determination of P incorporation 
into phosphorylase. velocities were calculated from the 










The protein kinase assay also followed P incorporation 
into protein, and used the same filter paper assay employed 
with phosphorylase kinase. 
Assays of autophosphorylation 
Because phosphorylase kinase is usually contaminated 
with trace amounts of protein kinase, it was necessary to 
show that no significant phosphorylation could be caused by 
endogenous protein kinase in the absence of cyclic AMP. When 
nonactivated kinase (0.4 mg/ml) was incubated with MgATP 
(1 mM Mg^^, 0.15 mM ATP) at pH 6=8 and 30°, less than 1 mole 
of phosphate was incorporated into the kinase over a 45 min­
ute period (Figure 2). The low amount of phosphorylation 
that did occur was inhibited by EGTA,- suggesting that auto­
phosphorylation was in part responsible for this phosphate in­
corporation. Inclusion of 10 ^ M cyclic AMP with the EGTA 
still resulted in less than 1 mole of phosphate incorporation. 
Addition of the catalytic subunit of protein kinase (1 yg/ml) 
caused 7.3 moles of phosphate to be incorporated into the 
phosphorylase kinase molecule over the same time period. The 
results suggested that under these conditions endogenous pro­
tein kinase was unable to phosphorylats phosphorylase kinase 
to any great extent. The for ATP of protein kinase acting 
on casein has been reported as 1.5 X 10 ^ M (Reimann et al., 
1971). Since the level of ATP in the present experiment was 
Figure 2. 
Phosphorylation of nonactivated phosphorylase kinase by 
protein kinase. The 30° reaction mixture included nonac­
tivated phosphorylase kinase (0,4 mg/ml), buffer (27 mM 
HEPES, 15 mM glycerophosphate, pH 6.8), mercaptoethanol 
(5 mM), and was initiated with MgATP (1 mM Mg(CH_CO^)^, 
32 J ^ 2 
0.15 mM [ P]ATP). Also included where indicated were 
EGTA (0.5 mM), cyclic AMP (1 X 10~^ M), and the catalytic 
subunit of protein kinase (1 yg/ml). At the indicated 
32 times aliquocs were removed for determination of p 
incorporation by the filter paper method. (O) Protein 
kinase; (A) EGTA and cyclic AMP; (•) no additions; 
(À) EGTA. 




1.5 X lOT^Mand rapid phosphorylation occurred upon the addi­
tion of protein kinase, it is reasonable to assume that there 
would not be a large increase in phosphorylation due to endo­
genous protein kinase when the ATP levels were increased to 
the millimolar level normally used in autophosphorylation ex-
32 
periments. consequently, the high level of P incorporation 
into phosphorylase kinase observed with millimolar ATP was 
assumed to be due to autophosphorylation. Further proof of 
this assumption is presented in the Results section, in which 
autophosphorylation is characterizedo 
The experiment described in the preceding paragraph em­
ployed the same filter paper assay used for assays of enzymic 
activity. This technique, however, only allows determination 
of the phosphate incorporated into the whole molecule. By the 
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use of SDS gel electrophoresis, the P incorporation into in­
dividual subunits could be followed. SDS gel electrophoresis 
was essentially performed by the method of Weber and Osborn 
(1969)„ Phosphorylation reactions were stopped by addition of 
a solution of SDS-mercaptoethanol to a final concentration of 
1% SDS, 1% mercaptoethanol. The tubes were immediately capped 
with aluminum foil and heated at 65° for 30 minutes. After 
heating the tubes were centrifuged to bring down any conden­
sate on the side of the tube. Added at this point were 20 yl 
of glycerol, 10 pi of tracking dye, and enough water to bring 
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the total volume to 0.12 mlo Aliquots of 0,1 ml, containing 
from 8-30 yg kinase, were applied to the 7^ acrylamide gels. 
The running buffer contained 50 g TRIS, 5 g EDTA, 1.9 g boric 
acid, and 0.5 g SDS per 0.5 liter water, and was adjusted to 
pH 9.3. Electrophoresis was performed at a current of 8 
milliamps per gel. Since ATP was electrophoresed from the 
gels slightly before the tracking dye, the electrophoresis 
was allowed to continue until all the tracking dye had dif­
fused from the gel. This minimized the background due to ex-
r32 1 
cess L PjAxPo The gels were stained with Coomassie blue and 
destained electrically„ A typical gel pattern showing the 3 
subunits of phosphorylase kinase is presented in Figure 3. 
The protein bands, after being cut from the gel, were de­
colorized and solubilized by heating in a scintillation vial 
for 3 hours at 65° with 0.1 ml of 30% HgOg. P was counted 
after addition of 10 mis of Aquasol scintillation fluid. 
The validity of the SDS gel assay for determining stoi-
32 
chiometry of P incorporation into subunits was checked with 
phosphorylase a. Experimentally complete conversion of phos­
phorylase was performed, and the resultant phosphorylase a 
was subjected to SDS gel electrophoresis, work-up of the pro­
tein band corresponding to monomer phosphorylase a showed 0.8 
moles of phosphate had been incorporated into the subunit. 
This compares well with the maximum theoretical value of 1 
mole of phosphate per monomer. 
Figure 3, 
SDS disc gel electrophoresis of phosphorylase kinase, 
electrophoresis of the 10 yg sample was performed as de 






Phosphorylase kinase can become heavily phosphorylated 
through ATP during autophosphorylation, and it also utilizes 
ATP in converting phosphorylase b. Consequently, it is pos­
sible that the enzyme has multiple binding sites for ATP. 
Controls were run to see if radioactivity present in the SDS 
r32 -, 
bands could be due to binding of [_ PJATP, rather than cova-
32 
lent modification of the kinase. It was found that P in-
11 I ' 
corporation was time dependent and stimulated by ca (Table 
II). A chaser of unlabeled MgATP was unable to exchange with 
32 
the P whether added immediately before or after SDS. There 
Was also no ATP gradient present in the gels. These results 
32 indicate that the P incorporated into the kinase subunits, 
as determined from SDS gels, is due to covalent modification, 
and not to binding of ATP» 
Autophosphorylation was also determined in the presence 
cf the tetradecapepticle; in this case the SDS gel assay was 
32 
complicated by the formation of P-phosphopeptide, When 
phosphopeptide controls similar to the ATP controls of Table 
II were run, it was found that the phosphopeptide caused a 
high, heterogeneous background. Gels containing phosphopep­
tide should be electrophoresed for a long enough time period 
to allow the peptide to be removed from the kinase bands, it 
is important to employ alternative methods to verify the in­
fluence of the peptide on kinase phosphorylation„ 
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Table II. Lack of ATP Binding in Assays 










1. Autophosphorylation for 30 minutes 1.3 1.2 
2„ Autophosphorylation for 30 seconds 0.0 0.1 
3. Autophosphorylation for 30 
in presence of 9 X 10" 
minutes 
M Ca+^ 1.8 1.5 
4„ No Kinase. [ p]aTP applied to gel 
and slices with mobility corres­
ponding to subunits A and B were 
counted 0.0 0.0 
5 ^ 30 minute autophosphorylation with a 
chaser of unlabeled MgATP added 
after SDS denaturation 1.3 1.3 
6. Similar to No. 5, but with 
chaser added 30 seconds 
MgATP 
before SDS 1.2 1.2 
7. Slices (2 mm) cut from directly below 
subunit B of No. 1 0.0 0.0 
The autophosphorylation reaction was performed at 30° and con­
tained nonactivated kinase (225 yg/ml), buffer (30 mM HEPES, 
pH 6.8), MgATP (6,2 mM Mg (^3002)2» 2.1 mM p^Pj ATP) , ËDÏA 
(0„2 mM), and DTE (2 mM). Where added, the cacl? concentra-
tion was 9 X 10" M, The unlabeled MgATP chaser in Nos. 5 
and 6 was present at a concentration 3.7-fold greater than 
that of radioactive MgATP. Aliquots (0.1 ml) containing 
12.8 yg of kinase were applied to the gels. 
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RESULTS 
In this work dissociation and autophosphorylation were 
considered as possible causes of the lag in the phosphorylase 
kinase reaction. Various effectors of kinase activity were 
tested for their possible influence on either the quaternary 
structure or autophosphorylation reaction of phosphorylase 
kinase. The rationale was that if autophosphorylation or 
dissociation were responsible for the lag, then effectors of 
catalytic activity might also influence autophosphorylation 
or dissociation. The effectors considered were hydrogen ions, 
glycogen, calcium ions, neutral salts, and the substrates of 
the kinase reaction. 
Hydrogen ion Concentration 
As was noted in the introduction, nonphosphorylated ki­
nase is not only active at pH 8.2, but has a constant rate of 
product formation. At pH 6.8, however, there is a lag in the 
progress curve, i.e. the kinase becomes more active with time. 
A similar pK profile and lag are seen regardless of whether 
the substrate is phosphorylase or a tetradecapeptide derived 
from phosphorylase (Carlson et al., 1975). This similarity 
indicates that the pH effect is directed toward the kinase 
molecule. 
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pH and dissociation 
If increasing the pH from 6.8 to 8„2 causes the lag to 
disappear by inducing dissociation, then a form of kinase 
with lower molecular weight than native should be observable 
at pH 8.2o It was reasoned that phosphorylated kinase, which 
has a constant rate of product formation at pH 6.8, might be 
even more likely to undergo dissociation than.would nonacti-
32 
vated kinase. The elution profile of P-phosphorylated ki­
nase from Sephadex G-200 with pH 8.2 HEPES buffer is shown in 
Figure 4. The radioactivity peak was sharp, symmetrical, and 
coincided with the void volume. The elution pattern indicated 
the absence of any species with a molecular weight of less 
5 
than about 8 X 10 , the exclusion limit of Sephadex G-200 for 
globular proteins (Reiland, 1971). Profiles obtained by elu­
tion with pH 9.2 glycine buffer showed no difference when the 
concentration of the kinase applied to the column was varied 
from 419 to 57 yg/mi (results not shown). There v;as no evi­
dence in any experiment at, or below, pH 9 for the existence 
of a low molecular weight kinase species. 
When the pH was increased above 9.0 the formation of an 
apparently low molecular weight species was observed. Elution 
32 
of p-phosphorylated kinase from Sepharose 6B with carbonate 
buffer from pH 9.4 to 10.0 caused increased amounts of a re­
tarded species to be formed (Figure 5). Separate experiments 
Figure 4. 
Gel filtration chromatography of phosphorylated kinase on 
Sephadex G-200 at pH 8.2. Kinase (178 yg/ml) was incubated 
with the column buffer (50 mM HEPES, pH 8.2) at 30*^ for 30 
minutes before a 0.2 ml sample (35 yg) was applied to the 
column. Fractions of about 0,3 ml were collected and 
counted. 
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Figure 5. 
Gel filtration chromatography of phosphorylated kinase on 
Sephadex 5B between pH 9.4 and 10.0. Kinase was diluted 
10-fold with the column equilibration buffers (50 mM sodium 
carbonate at pH indicated) to a concentration of 0,3 mg/ml 
and incubated at 30° for 1 hour. A 0.2 ml (60 yg) sample 
was applied to the columns. Fractions of 10 drops (about 
























demonstrated that native nonactivated kinase was eluted from 
this column by pH 7.5 HEPES in or near the void volume. The 
retarded species, therefore, was presumably lighter than na­
tive kinase. It was important to show that the retarded spe­
cies present in Figure 5 was actually kinase and not a low 
molecular weight contaminant, such as occluded ATP. The 
32 
radioactivity peaks from gel filtration of P-phosphorylated 
kinase at high pH did, in fact, coincide with protein peaks 
as determined by Folin's procedure (Figure 6)„ It was diffi­
cult to determine the molecular weight of the light form since 
protein unfolding would undoubtedly occur at high pH. Unfold­
ing would increase the Stokes radius and give an apparent 
molecular weight by gel filtration higher than the actual 
value. It was found, however, that the light species formed 
at alkaline pH readily penetrated Sephadex G-200, but only 
slightly penetrated Sephadex G-150. The exclusion limit of 
Sephadex G-150 for globular proteins is approximately 4 X 10^ 
daltons (Reiland, 1971)* 
Despite the apparent formation of low molecular weight 
forms of kinase at very high pK, this condition proved to be 
of limited value for the study of the lag because it was too 
harsh for retention of catalytic activity. When incubated 
with pH 9.9 carbonate buffer for 1 minute, the kinase lost ap­
proximately 50% of its catalytic activity as assayed at pH So 2 
Figure 6. 
Comparison of radioactivity and protein profiles from gel filtration chromato­
graphy of phosphorylated kinase on Sepharose 6B at pH 10.Oo Kinase was diluted 
5-fold with column equilibration buffer (50 mM glycine, pH 10) to a concentra­
tion of 1 mg/ml and incubated for 30 minutes at 30°. A 0^2 ml (0,2 mg) sample 
was applied to the column and fractions of 0.27 ml were collected. Protein con­
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(Figure 7), The loss of activity was evidently not due to 
metal-catalyzed sulfhydryl oxidation because inclusion of 
EDTA and mercaptoethanol in the pH 9,9 buffer did not alter 
the rate of activity loss (results not shown). All attempts 
at reversing the alkaline-induced inactivation were fruitless. 
pH and autophosphorylation 
Since nonphosphorylated kinase is most active and shows 
no lag at pH 8,2, it was believed that there might be a dif­
ference in the rates at which subunits A and B were autophos-
phorylated at pH 6,8 and 8.2. It was found that both subunits 
were phosphorylated much more rapidly at pH 8,2 than at 6,8 
(Figure 8), Subunit B was phosphorylated at a constant rate 
at either pH (Figure 8B). Subunit A, on the other hand, dem­
onstrated a pronounced lag in the rate at which it was phos­
phorylated at pH 6.8; but net at 8.2 (Figure SA), Subunit A 
was phosphorylated to a greater extent than subunit B at 
either pH, 
Glycogen 
Since glycogen has been reported to stimulate the activ­
ity and rate of autophosphorylation of phosphorylase kinase 
(Krebs et al., 1964; DeLange et al., 1968), it was of interest 
to determine if it could induce dissociation of the kinase 
32 
molecule. P-phosphorylated kinase was passed through a 
Figure 7. 
Alkaline inactivation of phosphorylated kinase„ The kinase 
o (0.4 mg/ml) was incubated at 30 with 50 mM sodium carbonate 
buffer (pH 9.9). At the intervals indicated aliquots were 
removed and diluted 101-fold with cold 0.04 M glycerophos­
phate, 0.03 M mercaptoethanol (pH 6.8). The kinase activity 
was then determined without further dilution at pH 8.2 and 
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Figure 8. 
Rate of autophosphorylation of subunits A and B at pH 6.8 
and 8.2. The 30° reaction included nonactivated phospho-
rylase kinase (0.26 mg/ml), buffer (50 mM HEPES), MgATP 
(8 mM MgfCHgCOg)^, 2.5 mM and DTE (3.4 mM), At 
the indicated times, aliquots were removed and the reaction 
stopped by addition of SDS to a final concentration of 1% 
followed by heat treatment at 65°. The SDS gels of 10,7 yg 
protein were performed as described in Methods, as were the 
32 
assays for P incorporation into protein bands. A, phos­
phorylation of subunit A; B, phosphorylation of subunit B. 
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Sephadex G-200 column equilibrated with 50 itvM glycine, 20 mM 
mercaptoethanol, 2% glycogen, pH 9. The resultant racioactiv-
ity peak was sharp, symmetrical, and coincided with the void 
volume. Consequently, no evidence was obtained that glycogen 
promotes dissociation. It is possible, however, that even 
dissociated species of the kinase could bind tightly to the 
glycogen and be eluted with it in the void volume. 
Calcium ions 
As was noted in the introduction, Ca is essential for 
catalytic activity and autophosphorylation. It was found that 
when nonactivated kinase was assayed at low concentration at 
pH 6,8 in the presence of EGTA, the reaction was linear over a 
long time period (Figure 9). In the absence of EGTA the nor­
mal lag was observed, but addition of 10"* M Ca*^ stimulated 
the enzyme and shortened the lag. in separate experiments it 
•|i "j" 
was found that the level of Ca stimulation was dependent 
upon the buffer system used in the assays* For instance, the 
stimulation was greater in glycerophosphate buffer than it was 
in TES. 
Ca and dissociation 
EGTA and Ca^^ have previously been reported to be unable 
to cause dissociation of nonactivated kinase at 2 rag/ml in 
Figure 9. 
+ 1-Effect of Ca c.nd EGTA on the conversion of phosphorylase by nonactivated 
phosphorylase kinase at pH 6.80 The 30^ reaction mixture included phospho­
rylase (I608 mg/ml), buffer (58 mM glycerophosphate, 39 itiM TRIS), MgATP 
(9o7 iTiiM Mg (CHgCOg) 2' 2.9 mM ATP), mercaptoethanol (14 mM), and was initiated 
with nonactivated kinase (0.5 ]ig/ml final concentration). Also included 
where indicated were EGTA (1.6 X 10 ^  M) and Ca"*"^ (1.6 X 10 ^  M). At appro­
priate intervals! aliquots were removed and diluted 41-fold with 40 mM glycero­
phosphate, 30 inM mercaptoethanol, pH 6.8. Phosphorylase a activity was then 
determined (see Methods). (&) Addition of Ca*^; (O) no additions; (•) addi­
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ultracentrifugation experiments (Graves et al., 1973). In 
this work, as well, no evidence was found that either of 
these effectors at pH 9, or below, could induce dissociation 
32 
of p-phosphorylated kinase as monitored by gel filtration. 
However, at very high pH, with some preparations of phospho-
rylated kinase, EGTA was able to decrease the size of the 
radioactivity peak at the void volume and increase the size 
of the retarded peak. 
Ca^^ and autophosphorylation 
It was reported by Walsh et al. (1971a) that EGTA inhib­
its activation of phosphorylase kinase by MgATP, and that 
++ 
Ca overcomes the EGTA inhibition. Extending their observa­
tions, it was found that autcphcsphcrylation is inhibited by 
EGTA and stimulated by Ca^"*" (Figure 10). under the conditions 
of Figure 10, Ca^^ (4 X 10 ' M) stimulated the rate of auto-
—4 phosphorylation 2.8-fold, whereas EGTA (6 X 10 M) almost 
fully blocked autophosphorylation. Random stopped-time assays 
of autophosphorylation measured on SDS gels showed that at 
pH 6.8 the autophosphorylation of both subunit A and B is in­
hibited by 6 X lO"^ M EGTA- Phosphorylation of subunit A is 
inhibited, however, to a greater extent than subunit B. The 
degree of the inhibition depends upon the point in the lag at 
which the reaction is s topped = 
Figure 10. 
Effect, of cind EGTA on autophoisphorylation of nonactivated kinase at pH 6.8» 
The 30° reactions included nonactivated kinase (0.43 mg/ml), buffer (38 rtiM HEPES, 
15 mM glycerophosphate, pH 6.8), DTE (2..5 mM), and were initiated with MgATP 
(10.7 mM Mg(CH3C02)2/ 3.8 mM E~'^P]]atP) . Ca^* or EGTA was also included in certain 
reactions. At intervals indicated, aliquots were removed for determination of 
^^P incorporation by the filter paper assay. (O) Addition of 3.9 X 10~^ M Ca^^; 
(A) addition of 7„8 X 10~^ M Ca^^y (•) no additions; (A) addition of 5.6 X 10 ^ M 
EGTA. 






"H "t" •}* 
The monovalent cations K , Na , and Li have been re­
ported to be inhibitors of nonactivated phosphorylase kinase 
at pH 7.1 (Sacktor et al., 1974)„ A slight inhibition was 
also observed with NH^^ ion. In view of these findings a 
detailed study of the effect of neutral salts on the activity 
and structure of phosphorylase kinase was undertaken. 
Inhibition of activity by low concentrations of neutral salts 
Preliminary studies with LiCl, KCl, Nad, and NH^Cl at a 
concentration of 30 mM showed that they all inhibit phospho­
rylase conversion by nonactivated kinase at pH 7„5 by about 
25%, It seemed unclear if the inhibition was actually due to 
the cation, as was reported, or if it could be due to the 
anion. A study was made of the effect of varying anions and 
holding the cation constant. At plï 7,5 and a salt concentra­
tion of 70 mM, KCl, KBr, and KNO3 progressively caused in­
creased inhibition of nonactivated kinase (Figure 11). The 
reaction was actually stimulated by KCH^CO^u These results 
indicated that, regardless of the effect of the cation, the 
anions themselves influence the catalytic reaction= 
A more detailed study of the relative effects of cations 
and anions is presented in Table ill, in these experiments 
0.1 M salts were included in the assays at pH 7.5. inhibition 
Figure 11. 
Effect of 70 mM potassium salts on the conversion of 
phosphorylase by nonactivated kinase at pH 7.5. The 
o 
assays at 30 included phosphorylase (10.0 mg/ml), buffer 
(51 mM TES, pH 7.5), MgATP (6.9 mM Mg(CH2002)2' ^.l mM 
P^ PIATP), mercaptoethanol (13 mM), potassium salts (70 mM), 
and were initiated by addition of nonactivated kinase 
(1.7 vig/ml final concentration). Aliquots were removed 
32 
at 5 minute intervals for determination of P incorpora­
tion. fo) KCH,CO_ ; (a) H.O; (•) KCl; (v) KBr ; (O) KNO^. 
Percent Phosphorylase Conversion 











Ta]ole Illo Inhibition of Nonactivated Phosphorylase Kinase 
by Ool M Neutral Salts at pH 7.5 
Constant Ion Percent 
Ion Varied Inhibition 
Constant Ion Percent 
Ion Varied inhibition 
Constant Ion Percent 
Ion Varied Inhibition 
Li+ 64 Li* 37 CH COO +29 
+ 
^ (stimulation) 
K 73 Na 40 Cl 40 
(CHgCHg).^^^ 73 Cl~ CS+ 44 SO4" 64 
Br" (CHg)^]!?''' 76 K+ 46 
+ — 
Na Br 77 
Na"*" 77 NH,"*" 54 4 
NO " 88 
3 
NH. 80 4 
SCN~ 93 
l" 95 
The assays contained phosphorylase b (8,6 mg/ml), buffer (50 mM HEPES, pH 7.5), 
MgATP (8.6 itiM Mcj (CH2CO2) 2' 2.5 mM [^^P]ATP), mercaptoethanol (13 mM), salt (0.1 M), 
and were initiated by nonactivated phosphorylase kinase (0.34 yg/ml), After 30 
o 32 
minutes at 30 the incorporation of P into phosphorylase was determined. 
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caused by chlorides was less than that with bromides, but the 
level of inhibition observed with either anion was nearly in­
dependent of the cation used. Note, for instance, that KBr 
and (CHgCHgi^NBr caused the exact same inhibition. The Li^ 
+ 
and NH^ cations were furthest from the norm and caused the 
least and the most inhibition, respectively, with both anions. 
When the anions were varied and Na held constant, completely 
different results were obtained. In this case there was a 
wide range of inhibition dependent upon the anion substituted. 
The pattern of inhibition obtained at pK 7.5 with these anions 
is closely predicted by the well-known Hofmeister series. The 
anionic Hofmeister series for increasing effectiveness in pro­
moting protein destabilization has been reported by Lewin 
(1974) to be; 
S0^~ <CH3C00~ <cl" <Br".<N02~ <I <SCN . 
The results suggest that a site exists on kinase, or phospho-
rylase, or both, that is sensitive to the anionic Hofmeister 
series. 
Preincubation of kinase with phosphorylase, a process 
which stimulates kinase activity, was examined to see if it 
would alter the salt inhibition. The percent inhibition 
brought about by 70 mM KCl at pH 7,5 was the same whether or 
not the kinase was preincubated with phosphorylase. The salt 
72 
inhibition was, however, altered somewhat by changes in pH. 
At pH 8,2, for example, the range of inhibition by the vari­
ous chloride salts was broader than at pH 7.5 and Cs^ re-
placed Li in causing the least inhibition. 
Inclusion of 0.1 M salt in the assay of nonactivated ki­
nase at pH 6o8 altered the lag in the rate of product forma­
tion. Despite the fact that the most pronounced lag is nor­
mally seen at pH 6.8, inclusion of Nad, NaBr, or NaNOg in the 
assay caused the progress curve to be nearly linear and dramat­
ically shortened the lag time (Figure 12). The reaction in 
the presence of salts was nearly linear after 6 minutes; how­
ever, in the absence of salts the lag was still proceeding 
after 15 minutes. The insert of Figure 12 demonstrates a 
linear phosphorylation of tetradecapeptide by nonactivated 
kinase at pH 6.8 in the presence of 0„1 M NaNOg. Note that 
the peptide conversion was carried out for only a short time 
period. In separate experiments it was found that holding the 
concentration of NaNO^ constant at 0.1 M and lowering the ki­
nase concentration also caused the lag at pH 6.8 to become 
shorter. 
xlie reason NaKO^ was used in many of these experiments 
was because it inhibited kinase activity nearly as much as 
NaSCN or Nal, but was not believed as likely to cause irre­
versible inhibition by oxidation. The reversibility of 
Figure 12. 
Influence of 0*1 M neutral salts on the lag of the non-
activated phosphorylase kinase reaction at pH 6.8. The 
assays at 30° included phosphorylase (8,6 mg/ml), buffer 
(51 itiM HEPES, pH 6.8), MgATP (7.9 mM #9(0^2002)2, 2.5 mM 
P^ PJATP) , mercaptoethanol (13 mM), neutral salts (0.1 M), 
and were initiated with nonactivated kinase (4 yg/ml final 
concentration). (o) H^O; (A) Nad; (•) NaBr; (A) NaNO^. 
The insert shows the phosphorylation of tetradecapeptide in 
the presence of 0.1 M NaNG^» The reaction shown in the 
insert included peptide (0.78 mM), buffer (47 mM HEPES, 
32 
PH 6.8), MgATP (8 mM Mg (^^002) 2' 2.5 mM [ p]ATP) , mer­
captoethanol (5 mM), HaHOg (0.1 H), and was initiated with 
nonactivated kinase (12.8 yg/ml final concentration). At 
intervals indicated aliquots were removed for determination 
32 
of p incorporation into phosphorylase and peptide as des­
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inhibition by 0.1 M NaNO-j was tested, and the results are 
shown in Table IV. Preincubation of nonactivated kinase 
(29 yg/ml) with 0.1 M NaNO^ followed by dilution to 0.7 mM 
NaNOg and 0.2 yg/ml kinase provided the same kinase activity 
as that obtained when kinase (0.2 yg/ml) was not challenged 
with any NaNO^ except for 0.7 mM NaNO^ in the assay. So, the 
inhibition of nonactivated kinase by 0.1 M NaNO^ is totally 
reversible. 
Site of inhibition by neutral salts 
Experiments were performed to determine the site of ac­
tion of the neutral salts. Figure 13 shows the effect of 
70 mM KCl on phosphorylase conversion at pH 7.5 by activated 
(phosphcrylated) and nonactivated phosphorylase kinase. The 
activated kinase was not inhibited at this level of KCl 
(Figure 13B), whereas the nonactivated kinase was (Figure 13A), 
This result suggested that the anion was probably acting di­
rectly on the kinase and not on the substrate, phosphorylase. 
If the major locus of action for the anion was at the sub­
strate level, then one would have expected inhibition to occur 
with both forms of kinase, in a separate experiment with 
0.1 M NâiïO^/ which is more inhibitory than KCl, the activated 
kinase was also inhibited. The inhibition of nonactivated 
kinase was, however, 5 times greater than the inhibition of 
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Table IV. Reversibility of inhibition of Nonactivated 
Phosphorylase Kinase by 0.1 M NaNO^ 
Description of Kinase 
Percent Phosphorylase 
Conversion 
In 15 min. In 30 min. 
Kinase never challenged with NO^" 
assayed at 0.2 yg/ml in absence of 13 28 
B03" 
Kinase which had not seen NO3 be­
fore assay, but assayed at Ou 2 




Kinase incubated at 29 yg/ml with 
0.1 M NaNOg, but assayed at 0.2 12 26 
yg/ml in the presence of 0.7 M NaNO^ 
Nonactivated kinase (29 yg/ml) was incubated at 30° with, or 
without, 0.1 M NaNO^ in the presence of buffer (33 mM HEPES, 
pH 6.8) and mercaptoethanol (25 mM)= After 15 minutes the ki­
nase was diluted 20-fold with cold 40 mM HEPES, 30 mM mercapto­
ethanol, pH 6.8. The assays were immediately initiated with 
the kinase (0.2 yg/ml) and contained phosphorylase b (11.8 mg/ 
ml), buffer (40 mM HEPES, 11 mM glycerophosphate, pH 7.5), 
MgATP (8.6 mM Mg (€0^002)2' 2^6 mî«î [ PjATP), and mercapto= 
ethanol (8.6 mM). After 15 and 30 minutes at 30° aliquots 
32 
were removed for determination of p incorporation into 
phosphorylase. 
Figure 13. 
Effect of KCl on the activity of nonactivated and phosphorylated kinase. The 
reactions included phosphorylase (10.1 mg/ml), MgATP (6.9 mM Mg(CH CO ) / 2.1 mM 
32 [ PJatP) , buffer (47 rtiM TES, pH 7.5), mercaptoethanol (10.7 mM), and were 
initiated with phosphorylase kinase. Where included, the KCl concentration was 
70 mM., A, reaction with nonactivated kinase (2.5 yg/ml) ; B, reaction with phos­
phorylated kinase (0.8 pg/ml). Phosphorylated kinase was prepared by the same 
32 
method outlined in the Methods section for preparation of P-phosphorylated 
32 kinase. Aliquots were removed at 5 minute intervals for determination of P 
incorporation. (o] HgO; (A) KCl. 
Percent Phosphorylase Conversion 
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activated kinase. So, there was again a differential effect 
of salts on the 2 forms of kinase. 
Added evidence that the anion acts on the kinase mole­
cule was obtained with experiments that measured salt inhibi-
++ 
tion in the presence of added Ca . The inhibition of non-
activated kinase at pH 7.5 by 70 mM KCl was partially over-
-4 ++ 
come by addition of 10 M Ca , a known effector of the ki­
nase molecule (Figure 14). Neither differential salt inhibi­
tion of nonactivated and activated kinase nor the ability of 
Ca^^ to overcome salt inhibition is absolute proof that the 
"II 
salt acts on kinase, phosphorylation and addition of Ca 
have both been reported to increase the affinity of phospho-
rylase kinase for phosphorylase (see introduction)„ If the 
salts acted on phosphorylase causing it to be bound more 
poorly by kinase, then activation or addition of Ca would 
decrease the salt inhibition. Different types of experiments 
were required to determine,- without doubt, the site of salt 
action. 
The phosphorylation of phosphorylase kinase by the cata­
lytic subunit of protein kinase was also influenced by neutral 
salts. A large inhibition of the protein kinase reaction by 
0.1 M NaNO^ was observed when nonactivated phosphorylase ki­
nase was used as substrate (Figure ISA), but only a slight in­
hibition was seen with histone as substrate (Figure 15B). 
Figure 14. 
Effect of Ca** on the KCl inhibition of nonactivated kinase. 
The assays included phosphorylase (8.6 mg/ml), buffer (51 mM 
HEPES, pH 7.5), MgATP (8.3 mM MgfCHgCOg)^, 2.5 mM [^^P]ATP), 
mercaptoethanol (13 mM), and were initiated with nonactivated 
kinase (1 yg/ml final concentration). Also included where 
indicated were KCl (70 mM), and ca*^ (10 ^  M). Aliquots 
32 
were removed at 5 minute intervals for determination of p 
incorporation, (O) No addition; (A) Ca^^ plus KCl; (•) KCl. 
Percent Phosphorylase Conversion 
M ^ en 
o o o 
Figure 15. 
Effect of 0.1 m NaNO^ on the phosphorylation of histone and phosphorylase kinase 
by the catalytic subunit of protein kinase. A, the reaction with phosphorylase 
kinase included nonactivated kinase (0.4 mg/ml), buffer (27 mw HEPES, 15 mM glycero­
phosphate, pH 6.8),, mercaptoethanol (5 mM)/ the catalytic subunit of protein kinase 
(1 yg/ml), and was initiated with MgATP (1 mM MgfCHgCOgig' 0.15 mM [^^P]ATP). B, the 
reaction with histone included histone (8*6 mg/ml), buffer (51 mM HEPES, pH 6.8), 
3 2 
MgATP (8.5 mM Mg (0113002)2' 2.6 mM P^ATP), mercaptoethanol (13 mM), and was 
initiated with the catalytic subunit of protein kinase (1.3 yg/ml). At indicated 
32 intervals aliquots were removed for determination of P incorporation. (O) No 
















These results suggest that the primary locus of the anion ac­
tion is on phosphorylase kinase and not on protein kinase. 
A more conclusive experiment to show that anionic inhi­
bition of phosphorylase conversion is directed toward the 
phosphorylase kinase molecule is to use the tetradecapeptide 
as an alternative substrate. It was found that 70 mM KCl was 
an effective inhibitor of peptide phosphorylation by nonacti-
vated kinase at pH 7.5 (Figure 16). This inhibition was par-
—4 
tially overcome by addition of 10 M Ca (results not shown). 
Since it is unlikely that this level of KCl could affect the 
peptide, the salt inhibition of peptide conversion was inter­
preted as being directed through the kinase molecule. The sum 
of the data in this section provides strong evidence that the 
inhibition of phosphorylase kinase activity by neutral salts 
is effected by a site on the kinase molecule sensitive to 
e 
Neutral salts and dissociation 
Attempts to dissociate nonactivated kinase v/ith high con­
centrations of neutral salts have previously been reported. 
At a protein concentration of 2 mg/ml and pH 7, both NaCl 
(2.5 M) and NaClO^ (0,25-1.0 M) caused enzyme aggregation as 
evidenced by analytical ultracentrifugation (Graves et al,, 
1973). These same authors found that 1 M KI did not change 
Figure 16. 
Effect of KCl on the phosphorylation of the tetradecapeptide. 
The reaction mixture included peptide (0.7 mM), MgATP (8.1 mM 
32 
MgfCHgCOgig, 2.5 ml4 [ p]atp) , buffer (40 mM HEPES, pH 7.7), 
mercaptoethanol (4.3 mM), and was initiated with nonactivated 
kinase (4 yg/ml). Where included, the KCl concentration was 
70 mM. Aliquots were removed at times indicated for measure­
ment of ^^P incorporation into peptide. (O) No addition; 
(a) KCl. 
Percent Peptide Conversion 






the ultracentrifugation properties of nonactivated kinase. 
In the present work dissociation by NaNO^ was also attempted. 
At pH 7, 21°, and 1.8 mg/ml of nonactivated kinase, it was 
found that 0.1 M NaNO^ did not change the protein's sedimen­
tation properties. The sedimentation constant was 23S with, 
or without, NaNO^ present. 
The influence of neutral salts on the behavior of phos-
phorylase kinase in gel filtration experiments was also 
studied. Sephadex G-200 columns were equilibrated with 
pH 8.6 glycine (50 mM), mercaptoethanol (20 mM), and either 
32 3 M KBr or 1.5 M LiBr. When P-phosphorylated kinase was 
passed through these columns, all the radioactivity eluted in 
a single, sharp peak coinciding with the void volume. So, no 
evidence of dissociation by neutral salts was obtained. 
Neutral salts and autophosphorylation 
Because of its effectiveness in inhibiting kinase cata­
lytic activity, NaNO^ was used as the neutral salt in auto­
phosphorylation experiments. Autophosphorylation at pH 6^8 
was markedly inhibited by 0*18 M (Figure 17). Addition 
of (4 X 10 ^  M) partially overcame this inhibition of 
catalytic activity by salts. At this salt concentration 
(0,18 M), NaNOg was as potent an inhibitor of autophosphoryla­
tion as 6 X lO"^ M EGTA (see Figure 10). This is yet another 
Figure 17. 
Inhibition of autophosphorylation by NaNO^ at pH 6.8. The 
standard reaction mix was that described in the legend to 
Figure 10. Included where indicated were NaNO (0.18 M) 
and Ca"*"^ (4 X lO" M). At indicated intervals, aliquots 
32 
were removed for determination of p incorporation by the 
filter paper assay. (o) No additions; (a) Ca plus NaNO^; 
(•) NaNO^. 
Moles Phosphate/Mole Kinase 
M M W 
T\ 
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case in which effectors' of catalytic activity are also effec­
tors of autophosphorylation. 
Phosphorylation of both subunits was inhibited by NaNO^. 
Typical results of phosphate incorporation into bands seen 
with SDS gel electrophoresis are presented in Table V. Phos­
phorylation of subunit A was inhibited, on a percentage basis, 
more than subunit B by 0.2 M NaNO^. The inhibition occurred 
at both pH 6.8 and 8.2. 
Stimulation of kinase activity by high concentrations of NaNO^ 
Whereas inclusion of 0.1 M salts in the kinase assay 
caused inhibition of catalytic activity, a second effect was 
found at higher salt concentrations. NaNO^ was again chosen 
as the neutral -sait in these experiments. Nonactivated ki-
o 
nase (27 yg/ml) was incubated at pH 6o8 for 30 minutes at 30 
with varying concentrations of NaNO^o Assays for catalytic 
activity at pH 6.8 were initiated with aliquots taken directly 
from the NaNO^-kinase incubation. The dilution of the kinase 
and nitrate into the assay was 3-fold. Low concentrations of 
NaNO caused inhibition of kinase activity; but, as the con-
3 
centration in the incubation mixture was increased above 0.15 M 
the inhibition grew smaller (Figure 18), When the NaNO^ con­
centration of the incubation mixture reached 0,35 M, stimula­
tion of activity was observed. So, there are 2 opposing 
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Table V. Inhibition of Subunit Autophosphorylation 
by 0.2 M NaNO^ 
3 
pH Addition 
Moles Phosphate incorporated /^Mole Subunit 








None 6.0 1.8 
8.2 
NaNO_ 2.1 0.9 3 
The standard autophosphorylation reactions in this experiment 
included nonactivated kinase (225 yg/ml), buffer (45 mM HEPES), 
•JO 
DTE (2 mM), and MgATP (7.5 mM MgfCHgCOgjg, 2.2 mM [""PJatp) . 
After 30 minutes at 30° reactions were stopped by addition of 
SDS and heat denatnration. A constant amount of phosphoryl-
ated kinase (15 yg) was applied to each gel» 
Figure 18. 
Effect of varying NaNO^ concentration on the activity of 
nonactivated phosphorylase kinase at pH 6,8. Nonactivated 
kinase (27 yg/ml) was incubated at 30° with NaNO^ at the con­
centrations indicated. The incubation buffer was 20 mM HEPES, 
15 mM raercaptoethanol, pH 6.8. After 30 minutes the kinase 
was assayed by diluting 3-fold into a reaction mix contain­
ing phosphorylase (14.9 mg/ml), buffer (50 mM HEPES, pH 6.8), 
mercaptoethanol (5 mM); and MgATP (6.7 Mg(CH CO ) . 2.3 mM 
32 32 ^ 2 2 [ P]ATP). The incorporation of P was determined after 
10 minutes assay time. 
Kinase Activity I Percent Phospliorylase Conversion) 
rsj i>o CA3 CO 
o <un o CJ1 
I— 1 1 1 
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effects of NaNO^ on kinase activity. It causes inhibition at 
low concentrations and stimulation at high concentrations. 
Figure 19 shows time courses for the above reactions in 
which maximal stimulation and inhibition by NaNO^ were ob­
served. At the highest level of NaNO^ tested (lo05 M in the 
incubation mixture and 0.35 M in the assay), the activity at 
pH 5.8 was stimulated 5-fold over the first 5 minutes of the 
assay. Note that no lag is apparent in the time course for 
maximal stimulation. In all cases in which nitrate stimula­
tion occurred, there was no lag. When the enzyme was stimu­
lated with nitrate, the catalytic reaction rate generally be­
gan to diminish after about 30% of the limiting substrate, 
phosphorylase, had been utilized. This is in contrast to the 
behavior of nonactivated kinase at pH 6.8. After the lag is 
complete, the reaction with nonactivated kinase often remains 
linecti until approximately SO?C of the phosphorylase has been 
converted. Although Figure 19 shows a linear time course for 
maximal inhibition, a lag did appear when the reaction was 
allowed to proceed for 1 hour (results not shown). 
High NaNOg concentrations (0.4 M) did not stimulate auto-
phosphorylation of nonactivated kinase (0,6 mg/ml) at pH 6.8. 
In fact, autophosphorylation was completely blocked for nearly 
an hour before there was a gradual increase in phosphate incor­
poration. 
Figure 19. 
Effect of NaNOg on the time course of phosphorylase con­
version by nonactivated kinase at pH 6.8. The kinase was 
initially incubated with NaNO^ and then assayed as des­
cribed in the legend to Figure 18, Aliquots were removed 
32 
at 5 minute intervals for determination of p incorpora­
tion. (O) NaNO^ was 1.05 M in the incubation and 0*35 M 
in the assay; (à) no îîaÊîô^; (v) NaNO^ was 0.15 M in the 















The natural substrates for phosphorylase kinase are 
MgATP and phosphorylase b. Alternative peptide substrates 
can also be substituted for phosphorylase b. It was noted 
in the introduction that kinase can be activated by preincu­
bation with phosphorylase, and that it is also activated dur­
ing the activity assay. The latter activation resulted in a 
doubling of pH 6.8 activity during a 5 minute assay at pH 8.2 
(Krebs et al., 1964). The substrate-induced activation was 
further examined, as well as the possible influence of sub­
strates on dissociation and autophosphorylation. 
Substrates and enzymic activity 
various experiments were performed to determine the ex­
tent of autoactivation that occurs when nonactivated kinase 
is incubated with its substrates. Incubation with MgATP 
alone is, of course, the same as the autophosphorylation reac 
tions already considered. Incubation with phosphorylase b 
plus MgATP corresponds, on the other hand, to the normal con­
ditions for assays of catalytic activity. Figure 20 demon­
strates the activation that occurred at pH 6.8 when nonacfciva 
ted kinase (6.3 yg/ml) was preincubated for 30 minutes at 30" 
with phosphorylase b (20 mg/ml), or MgATP (10 mjyi Mg^^, 3 mM 
Figure 20. 
Activation of phosphorylase kinase by incubation with its 
substrates. Nonactivated kinase (6.3 yg/ml) was incubated 
at 30° with buffer (50 mM HEPES, pH 6.8) and DTE (1.3 mM). 
Also included, where indicated, were phosphorylase (20 mg/ml) 
and MgATP (10 mM Mg(CH^CO^)^, 3 mM ATP)» After 30 minutes 
an aliquot was removed and diluted 6-fold into an assay 
mixture which contained phosphorylase (20 mg/ml), buffer 
(53 mM HEPES, pH 6.8), MgATP (10 mM Mg(CH,CO^)^, 3 mM 
32 - ^ ^ [ P]ATP), and mercaptoethanol (10 mM). Aliquots were 
removed from this assay mixture at 7 minute intervals for 
32 
determination ot P incorporation. (o) Phosphorylase 
plus MgATP; (A) MgATP; (•) phosphorylase; (v) standard 
initial incubation with no additions. 
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ATP), or phosphorylase b plus MgATP, the assay condition. 
The kinase activity at pH 6.8 was determined on aliquots 
taken directly from the preincubation mix. Phosphorylase b 
and MgATP each increased the activity at pH 6.8; but the 
greatest activation was observed with a combination of the 
2 substrates. Over the first 7 minutes of the assay, the ac­
tivity at pH 6.8 was increased 23-fold by preincubation for 
30 minutes at assay conditions. The amount of activation is 
dependent on the preincubation time and the point in the lag 
at which the comparison with the control is made» in separate 
experiments, an increase of pH 6„8 activity of over 100-fold 
has been observed. 
Similar activation experiments were performed using the 
tetradecapeptide. Figure 21 demonstrates the activation that 
Occurred when nonactivated kinase (0.24 mg/ml) was preincu-
bated for various times with MgATP or MgATP plus peptide 
(0.8 mM), and then assayed for 8 minutes at pH 6,8 with phos­
phorylase b. The largest activation shown in Figure 21 is 18-
fold, and occurs between 0 and 31 minutes of preincubation in 
the presence of peptide and MgATP, 
The activation with time which occurs upon preincubation 
of kinase with peptide plus MgATP is not a simple linear proc­
ess, nor can it be described by the usual lag. A replot of 
the data from Figure 21 on a semilog plot shows that there are 
Figure 21. 
Effect of preincubation with tetradecapeptide and MgATP on 
kinase activity at pH 6.8. Nonactivated kinase (0.24 mg/ml) 
was incubated with buffer (48 mM HEPES, 7 mM glycerophosphate, 
pH 6.8), DTE (3.2 mM), and MgATP (7.3 mM Mg(0^2002)2, 2.4 mM 
[^^pjATP), or MgATP plus peptide (0.8 mM). At indicated in­
tervals aliquots were removed and diluted 13.5-fold with cold 
40 mM HEPES, 30 mM mercaptoethanol, pH 6.8, They were kept 
on ice until assayed at 30° in a reaction mixture which con­
tained phosphorylase (18.6 mg/ml), buffer (60 mM HEPES, 
32 
pH 6.8), MgATP (10.3 mM Mg (CH^CO^) 3.3 mM [ P"]ATP) , mer­
captoethanol (15 mM), and the phosphorylase kinase (3 yg/ml 
final concentration). After 8 minutes aliquots were removed 
32 for measurement of p incorporation into phosphorylase. Con­
trols were run to determine TCA insoluble counts carried from 
the incubation into the assay, (O) Incubation with peptide 




































3 distinct phases to the activation by preincubation with pep­
tide plus MgATP (Figure 22). There was a break between 0 and 
6 minutes of autoactivation, after which the activation reac­
tion proceeded linearly until 21 minutes. A second break oc­
curred after about 23 minutes of autoactivation. Similar 
plots were obtained if the activity assays were performed for 
4, 12, 16, or 20 minutes instead of 8 minutes (results not 
shown). The activation which occurred by preincubation with 
MgATP in the absence of peptide presented a simpler picture of 
activation, in that a linear semilog plot was produced. Note, 
however, that the activation which occurred in this case after 
31 minutes was similar to the activation after 6 minutes if 
peptide were included. Therefore, it is possible that the 
activation with time which occurs by preincubation with MgATP 
would become more complex as higher levels of activation were 
achieved. 
An unusual aspect of the autoactivation vjas that after a 
certain minimal activation in the preincubation mixture, the 
reaction was linear in the catalytic assay. The linearity 
was observed despite the fact that the kinase had a great po­
tential for further activation. An example of this is shown 
in Figure 20. In this instance preincubation with MgATP alone 
for 30 minutes caused a 5-fold activation to occur, which re­
sulted in a linear rate of product formation during the 
Figure 22. 
Effect of preincubation time with tetradecapeptide and 
MgATP on the logarithm of kinase activity at pH 5.8, 
All incubations and assays were those described in the 
legend to Figure 20o (O) Incubation with peptide plus 
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activity assay. It is difficult to explain why no additional 
activation occurred during the 28 minutes of the activity 
assay, since a 23-fold activation occurred when the kinase 
was preincubated for 30 minutes with both substrates at assay 
concentrations (Figure 20). Similar responses were observed 
in the activity assays of the autoactivated kinase described 
by Figures 21 and 22. In that experiment preincubation for 
11 minutes with MgATP plus peptide resulted in an activity 
assay which was linear for 20 minutes, despite the fact that 
an additional 3.5-folu activation occurred if the preincuba­
tion was allowed to proceed for an additional 20 minutes. 
Preincubation for less than 11 minutes with MgATP plus peptide 
caused formation of activated kinase which still displayed a 
lag during the activity assay. Evidently, after an initial 
minimal activation is attained, further activation is blocked 
by transferring the kinase from the preincubation mixture to 
the activity assay. The block in activation occurs even when 
the transfer is from one activity assay to another. The ki­
nase dilution in these experiments between the preincubation 
mixture and the activity assay was only 6-fold. 
Substrates and dissociation 
Since incubation with substrates activates the kinase and 
can make the lag disappear, it was of interest to see if the 
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substrates of phosphorylase kinase could promote its disso­
ciation. Attempts to dissociate kinase with ATP employing 
ultracentrifugal analysis have been reported (Graves et al., 
1973)o The ATP had no effect on nonactivated or protein ki-
nase-activated phosphorylase kinase, but it did cause disso­
ciation of trypsin-activated kinase. MgATP was less effec­
tive than ATP. In the present work ultracentrifugal analysis 
of phosphorylase kinase was performed in the presence of all 
its substrates. The analysis was simplified by substituting 
tetradecapeptide for the natural substrate, phosphorylase. 
The ultracentrifugation pattern of nonactivated kinase (1.7 
mg/ml) at pH 7.5 showed that only one kinase species was pre­
sent if the kinase was incubated with just peptide (0.21 mM), 
or with peptide plus Ca*^ (2 X 10 ^ M) and MgATPyS (4.7 mM 
MgCl^, 1.1 mM ATPYS/ Figure 23). The ^ values for the 
single species obssrvad at these 2 conditions v.'ere 23„5 S 
(Figure 23, top) and 23.7 S (Figure 23, bottom). These sedi­
mentation coefficients are the same as that found for the na­
tive enzyme without any additions. The ATPYS, a poor sub­
strate for phosphorylase kinase, was used as an ATP analog in 
order to decrease the rate of peptide phosphorylation but yet 
to obtain nucleotide binding (Gratecos and Fischer, 1974). 
Similar sedimentation behavior was observed when MgATP was 
used in conjunction with the peptide. 
Figure 23. 
Ultracentrifugation of nonactivated kinase with tetra-
decapeptide plus MgATPyS» The top profile shows non-
activated kinase (1.7 mg/ral) in the presence of tetra-
decapeptide (0.2 itiM), MgATPyS (4.7 mM MgCl^, 1.1 mM 
ATPyS), Ca** (2 X lO"^ M), DTE (0.9 mM), and buffer 
(47 mM TRIS, pH 7.5). The bottom profile is similar 
to the top except that Ca and MgATPYS have been omitted. 
The S values were 23.7 (top) and 23.6 (bottom). The 
20,w 
ultracentrifugation was performed as described in Methods, 
After substrates were added, the kinase was kept on ice 
until added to cells. The first picture was taken 50 
minutes after peptide was added. 
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The behavior of kinase in gel filtration chromatography 
32  
was also studied in the presence of its substrates. P-
phosphorylated kinase was eluted in a sharp, symmetrical peak 
at the void volume from Sepharose 6B column equilibrated at 
pH 8.9 with either phosphorylase b or MgATP. A Sepharose 4B 
column was also equilibrated at pH 8.2 with both substrates 
at concentrations equaling those of the activity assay -
phosphorylase b (11.7 mg/ml) and MgATP (10 mM Mg , 3 mM ATP) 
Nonactivated kinase (30 yg/ml) was preincubated with the sub­
strates for 8 minutes at 30" before a 6 yg sample was applied 
to the Sepharose 4B column. If the substrates caused kinase 
activation by inducing dissociation, then as the heavier ki­
nase moved down the column coming into contact with fresh 
substrates, it would dissociate and be retarded. This would 
be a continual process in which undissociated kinase, being 6 
times ueavier than phosphorylase b, vjculd constantly come 
into contact with new substrates. Conversion of phosphorylas 
would occur for the entire length of the column and thus as­
sure maximum kinase dissociation. If dissociation did occur, 
the kinase activity peak would be expected to be either re­
tarded or unsymmetrical. The elution profile of kinase activ 
ifcy from this column is shown in Figure 24. The peak activi­
ty fraction, number 57, corresponds exactly with the peak pro 
tein fraction (not shown) found when nonactivated kinase was 
Figure 24. 
Gel filtration chromatography of nonactivated kinase on 
Sepharose 4B in the presence of its substrates. The ki­
nase (30 ug/ml) was incubated at 30° with phosphorylase 
(11.7 mg/ml), MgATP (10 mM Rq {Ch^CO^)3 mM ATP), buffer 
(60 mM glycerophosphate, 40 mM TRIS, pH 8.2), and mercapto-
ethanol (15 mM). After 8 minutes a 0.2 ml aliquot (con­
taining Ô lig kinase) was applied to a Sepharose 4B 
column equilibrated with substrates and buffers at the same 
concentration present in the kinase incubation. Fractions 
of about 0.3 ml were collected from the 20° column. Kinase 
activity was measured in aliquots taken directly from the 
3 ^ 
column fractions using the standard "p assay at pH 8.2 
taaa Mo •(-Vi r>/l es ^  
Kinase Activity (cpm incorporated x 10~^) 










eluted from an equivalent Sepharose 4B column equilibrated at 
pH 6.8 with sucrose (5%), glycerophosphate (25 mM), and EDTA 
(1 mM). There was some skew to the trailing edge of the ac­
tivity peak in Figure 24, but a greater asymmetry would be 
expected if significant dissociation had occurred. The skew 
could possibly be due to fragments of the kinase derived from 
proteolytic attack. Another possible explanation for the 
skew could be the partial dissociation of the kinase into 
particles consisting of multiple subunits. If this particle 
interacted with phosphorylase b a complex of very high molec­
ular weight would be formed. Such a complex might not be 
easily separated from native kinase on the basis of particle 
size. Preliminary studies by Gergely et al. (1974) have sug­
gested the existence of such a complex with a molecular weight 
of 7.0-8.5 X 10^o The bulk of the data in the present work 
does not, however, provide any convincing evidence that the 
substrates of phosphorylase kinase can promote its dissocia­
tion. The tetradecapeptide might be useful in further studies 
on this problem because a complex of phosphorylase kinase and 
peptide would be much lighter than the analogous complex with 
phosphorylase. 
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Substrates and autophosphorylation 
Since incubation with substrates activated the kinase, 
it was of interest to determine if they would also stimulate 
autophosphorylation. Since MgATP is essential for autophos­
phorylation, the only substrate which could be varied was the 
protein substrate. Phosphorylase b, however, would be phos-
phorylated during the autophosphorylation reaction and inter­
fere with the filter paper assay for kinase autophosphoryla­
tion; also, its molecular weight and necessarily high concen­
tration as a substrate would interfere with the SDS disc gel 
electrophoresis assay. The low molecular weight peptide was 
used as an alternative substrate in these experiments since 
it is soluble in 5% TCAo Autophosphorylation of nonactivated 
kinase (0.43 mg/ml) at pH 6.8 was stimulated 3-fold by the ad­
dition of 0.8 mM peptide (Figure 25). The same peptide con-
Géiitration also stirculatsd autophosphorylation by 2-fold in 
+"l" —4 
the presence of Ca (3.3 X 10 M). 
Figure 25„ 
Stimulation of autophosphorylation by Ca*^ and the tetra-
decapeptide. The standard reaction mix was that described 
in the legend to Figure 10. included where indicated were 
tetradecapeptide (0.8 mM) and Ca^^ (4 X lO"^ M)» At intervals 
32 indicated, aliquots were removed for determination of p 
incorporation by the filter paper assay. (O) Peptide plus 
y—{- 4-4" 
Ca ; (A) peptide; (•) Ca ; (?) no additions. 
:5;-
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DISCUSSION 
The disruption of protein structure and inhibition of 
enzymic activity by neutral salts is a widely observed phe­
nomenon. The order of increasing effectiveness of anions in 
bringing about these changes in a diverse sampling of macro-
molecules is listed in Table VI. The inhibition of nonacti-
vated phosphorylase kinase activity at pH 7.5 by low concen­
trations of neutral salts (0„1 M) closely followed the order 
in which the salts influenced other macromolecules. The only 
major displacement on the anionic list for inhibition of non-
activated kinase is SO^ ; however, SO^ could be having an 
effect on the substrate, since it is known to stimulate phos­
phorylase activity (Engers and Madsen, 1968). A report has 
been made of an effector which modifies enzymic activity by 
influencing both an enzyme and its substrate. Martensen 
(1972) found that the acetate inhibition of phosphorylase 
phosphatase was directed toward both the enzyme and the sub­
strate, phosphorylase It is possible that acetate could 
be having the same effect in its stimulation of phosphorylase 
kinase activity. If sulfate or acetate were influencing the 
substrate, then assays with the tetradecapeptide would alter 
their effectiveness in modifying kinase activity. However, it 
was concluded, because of the following reasons, that there is 
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Table VI. Hofmeister Series of Anions 




kinase (pH 7.5) 
inhibition of 
trypsin CH_COO~ <Cl" <Br""< NOO" < l" < SCN" 
++ a 3 J 
(+40 mM Ca ) 
Collagen de-
stabilizatio 
(helix -> coil) 
n ^  SO^ < CH^COO <Cl <Br <N03 <l <SCN 
Ribonuclease =. _ 
b SO. < CH_COO <C1 <Br <SCN 
unfolding 
inhibition of CH,COO~ <Cl~ <N0- <Br <l <SCN 
mvosin ATPase^ 
3™ "^"3 
^ Warren and Cheatum, 1966„ 
^ von Hippel and Schleich, 1969* 
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a site on phosphorylase kinase which is sensitive to low con­
centrations of anions. 1) Nonactivated kinase was more 
sensitive to salt inhibition than the activated form. 2) ca** 
partially overcame the inhibition of nonactivated kinase. 
3) Inhibition by cl" occurred with either phosphorylase or 
peptide as substrate. 4) Phosphorylation of nonactivated 
phosphorylase kinase by protein kinase was markedly inhibited 
by NaNOg, but this salt had little effect on the phosphoryla­
tion of histone by protein kinase. The site on phosphorylase 
kinase sensitive to anions could possibly account for the ef­
fects of phosphate ion described by Sacktor et al. (1974), 
The insensitivity of kinase to the low concentrations of 
cations used in the assays is not unusual. Warren and 
Cheatum (1966) reported that for a wide variety of enzymes, 
the anionic series was much more effective in bringing about 
inhibition than wae the corresponding cationic series 
(CS+ <K"^<Na'*'<Li"^). 
There are basically two ways in which the anions could 
inhibit enzymic activity. They could influence the electric 
field at the catalytic site of the enzyme; or, they could dis­
rupt a portion of the enzyme's structure. Warren and Cheatum 
(1966), in an experiment with amylase, obtained evidence in 
support of the latter explanation. They found that the rate 
of modification of the enzyme's sulfhydryl groups was in­
creased by anions in the order listed in Table VI» 
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The inhibition of phosphorylase kinase by salts is also 
likely due to a disruption of structure. If salts influence 
enzymic activity by disrupting structure, then one would ex­
pect different forms of an enzyme to have different salt 
sensitivities. It was found in this work that nonphosphoryl-
ated kinase was much more sensitive to salt inhibition than 
was its phosphorylated counterpart. Warren et al. (1966) 
used this idea of a differential salt effect to argue that the 
anionic inhibition of myosin ATPase was through structure dis­
ruption. They found that native myosin was more sensitive to 
inhibition by salts than was a form of the enzyme modified 
with p-chloromercuribenzoate. 
It is not known if the anions alter kinase activity by 
inhibiting the catalytic conversion of substrate, or the bind-
++ ing of substrate to the enzyme. Both addition of Ca and ac­
tivation of kinase through phosphorylation have been reported 
to increase the affinity of kinase for phosphorylase (see 
introduction). in the present work, these same 2 conditions 
were found to decrease the sensitivity of kinase to inhibition 
++ by anions. Salt inhibition with varying levels of Ca and 
phosphorylase could help clarify the step at which anions 
cause inhibition, 
A recent report by jennissen and Heilmeyer (1975) pro­
vides further evidence of influence by the anionic Hofmeister 
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series on phosphorylase kinase. They noted that the elution, 
with salts, of nonactivated kinase from a hydrophobic affin­
ity column followed the order of the Hofmeister series of 
anions. 
With the exception of high concentrations of NaNO^, it 
has been noted that effectors of enzymic activity are also 
effectors of autophosphorylation, and in the same direction. 
Low concentrations of neutral salts, EGTA, and low pH inhibit 
kinase activity and autophosphorylation. Glycogen, Ca , high 
pH, and the protein substrate all stimulate activity and auto­
phosphorylation. This stimulation by the protein or peptide 
substrates argues strongly for a relationship between the lag 
and autophosphorylation. Preincubation at assay conditions 
with either phosphorylase (Figure 20) or peptide (Figure 21) 
stimulated kinase activity by 23- and 18-fold, respectively. 
The peptide also was shown to stimulate autophosphorylation by 
3-fold (Figure 25). Therefore, it seems likely that the auto-
activation, or lag, that occurs during the kinase assay is ac­
companied by autophosphorylation of the kinase. This proposed 
relationship between the lag and autophosphorylation presumes 
that autophosphorylation still occurs at the low enzymic con­
centrations at which activity assays are normally carried out. 
Additional evidence linking the lag and autophosphorylation is 
the finding that the kinase reaction becomes more linear in 
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the presence of EGTA (Figure 9), and low concentrations of 
neutral salts (Figure 12). Both of these effectors inhibit 
autophosphorylation. It seems likely that they make the re­
action more linear by merely prolonging the lag. 
The obvious question is whether the lag is due to auto­
phosphorylation; or if an effector (including substrate) in­
duces a conformational change which activates the enzyme, and 
simultaneously enhances its ability to be phosphorylated. 
The data obtained in the work with effectors could be used to 
argue either point. One could say, for instance, that since 
effectors which stimulate autophosphorylation also stimulate 
activity, then the lag must be due to autophosphorylation„ On 
the other hand, one could also argue that it is only reason­
able that substances which enhance phosphorylation of 1 sub­
strate, phosphorylase, by phosphorylase kinase should also 
enhance phosphorylation of a different substrate by phospho­
rylase kinase — itself. It should be remembered, however, 
that autophosphorylation also occurs with just phosphorylase 
kinase and MgATP. This autophosphorylation results in a 
several-fold activation of the enzymeo On the basis of this 
autophosphorylation and activation, and the analogous activa­
tion by protein kinase phosphorylation, it might be assumed, 
as a working hypothesis, that autophosphorylation is respon­
sible for the lag* The finding that peptide stimulates 
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autophosphorylation makes this hypothesis attractive since 
autophosphorylation in the absence of protein substrate has 
been described as slow and resulting in little activation. 
It is possible that phosphorylase might be a better stimula­
tor of autophosphorylation than the peptide, since it is a 
better substrate (Tessmer and Graves, 1973) .  
The fact that the protein substrate could stimulate ki­
nase activity so dramatically during the assay has important 
implications. The catalyst of the reaction, phosphorylase ki­
nase, is actually being altered during the course of the 
assay. The longer the assay is allowed to proceed, the great­
er is the activation that will occur. Because the enzyme form 
present at the initiation of the assay is not the same as that 
found at the termination of the reaction, kinetic studies with 
phosphorylase kinase must be done with great care. If activa­
tion by substrate is due to increased autophosphorylation, then 
one is presented with the possibility for a novel type of feed­
forward regulation. The substrate would stimulate activation 
of the enzyme responsible for its own conversion by enhancing 
the autocatalyzed covalent modification of that enzyme. 
If autophosphorylation makes phosphorylase kinase behave 
as if it were phosphorylated by protein kinase, then the auto-
phosphorylated form might be expected to have a greater affin­
ity for phosphorylase b than its nonphosphorylated counterpart. 
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The fact that the reaction at pH 6„8 remains linear (after 
the lag is completed) until the majority of the phosphorylase 
is utilized could be explained by an increased affinity for 
phosphorylase as the reaction proceeds and the kinase becomes 
phosphorylated. 
One unusual aspect of the lag is that it is abolished or 
shortened in a variety of ways; activation by trypsin attack 
or phosphorylation, assays at high pH, and preincubation with 
phosphorylase or high concentrations of NaNO^. Do all of 
these conditions alter the lag by causing the same change in 
kinase, or do they act through different mechanisms? Since 
autophosphorylation and the lag are related, a study of the 
influence of these various conditions on autophosphorylation 
might show whether they act in the same manner. 
No evidence was found in this work to link dissociation 
with the lag. Also, none of the effectors tried were able to 
promote dissociation. Above pK 9, the only condition at which 
dissociation did seem to occur, the enzyme was irreversibly 
inactivated. Negative evidence does not, of course, rule out 
the possibility that dissociation with retention of activity 
might occur under appropriate conditions. The peptide could 
be useful in a search for the type of dissociation which 
Gergely et al. (1974) suggested might occur. The use of low 
enzyme concentrations in the presence of peptide would 
125 
approximate their system, but would facilitate the separation 
of native enzyme from the presumed complex of substrate and 
dissociated enzyme. 
Only preliminary experiments have been performed on the 
stimulation of activity by high concentrations of NaNO^; so, 
the reason for this stimulation is unknown. It should be es­
tablished whether the stimulation is due to the anion or the 
cation. Also, the possible stimulation of activated kinase 
should be tested. It is not clear if the slight activity of 
nonactivated kinase at pK 6.8 is really due to nonactivated 
kinase, or if it is caused by contamination with a small 
amount of activated kinase. NaNO^ stimulation might be help­
ful in clarifying this point, if NaNO^, which inhibits phos­
phorylation, did not stimulate the activity of activated ki­
nase (activated by phosphorylation or proteolytic attack), it 
would sTiggest that these 2 forms of activation would not be 
necessary to explain the vitro activity at pH 6=8 of non-
activated kinase. Although the greatest stimulation by NaNO^ 
over the reaction without NaNO^ was 5-fold, it should be noted 
that this amounted to a 12-fold stimulation over the reaction 
which showed the largest NaNO_ inhibition (Figure 18), 
Autophosphorylation was found to be stimulated 3-fold by 
the tetradecapeptide (Figure 25). The tetradecapeptide is, 
however, a substrate and is, therefore, capable of being 
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phosphorylated. One would normally predict that addition of 
1 substrate (peptide) would competitively inhibit the phos­
phorylation of another substrate (phosphorylase kinase). This 
prediction would, of course, be based upon the assumption that 
the phosphorylation of both substrates occurred at the same 
catalytic site. Perhaps the autophosphorylation site is not 
the same as the site for conversion of peptide or phosphoryl­
ase. If increased levels of the peptide caused increased 
autophosphorylation, then one might want to consider the pos­
sibility of 2 different sites. Other peptides which were 
poorer substrates could be used as competitive inhibitors of 
the phosphorylase conversion site, and their effect on auto­
phosphorylation determined. One could also irreversibly modi­
fy the phosphorylase conversion site with a peptide derivative, 
and then measure autophosphorylation. 
There are a number of questions about autophosphorylation 
yet to be answered» is there an identity between the sites 
phosphorylated by protein kinase and those phosphorylated dur­
ing autophosphorylation? Must subunit B be phosphorylated be­
fore subunit A? Does autophosphorylation of subunit A control 
the dephosphorylation of subunit B, as was found for protein 
kinase phosphorylation (Cohen and Antoniw, 1973)? The study 
of these questions should greatly increase our knowledge of 
the subunit interactions in the kinase molecule. 
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Does autophosphorylation have any ^  vivo significance? 
Walsh et al. (1971a) concluded that autophosphorylation was 
"of doubtful significance in vivo»" However, their conclu­
sion was partially based upon the slow rate of ^  vitro auto-
activation in the absence of effectors. Glycogen and the 
tetradecapeptide have both been shown to stimulate autophos­
phorylation. Both phosphorylase and glycogen have been shown 
to be in close association with phosphorylase kinase (Meyer 
at al., 1970? Wanson and Drochmans, 1972). This association 
could presumably cause a large stimulation of autophosphoryla­
tion, Furthermore, Mayer and Krebs (1970) found, depending 
upon their method of analysis, 9,1 and 25,3 moles of phosphate 
per kinase molecule as isolated from frozen rabbit muscle 
which had not been subjected to epinephrine administration. 
Even the lower value would require maximal phosphorylation by 
protein kinase (Cohen et ai», 1975)» Danforth et al. (1962) 
found that there were 2 mechanisms for activating phosphorylase 
kinase, one of which was triggered by muscle contraction. Auto­
phosphorylation requires Ca , and is stimulated by glycogen 
and probably by its protein substrate, both of which are found 
in close association with the kinase. In view of these obser­
vations, it would seem premature to rule out the occurrence of 
in vivo autophosphorylation of phosphorylase kinase. 
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SUMMARY 
1. Dissociation and autophosphcrylation were considered as 
possible causes for the autoactivation, or lag, seen in 
the phosphorylase kinase reaction. Effectors of catalytic 
activity were studied for their possible influence on dis­
sociation and autophosphcrylation. 
2. No evidence was obtained linking the lag with dissocia­
tion, because none of the effectors tried were able to 
promote dissociation of the kinase at conditions at which 
it retained activity. Above pH 9 there was evidence for 
dissociation, but the kinase was irreversibly inactivated. 
3. Generally, substances that stimulateu activity also stimu­
lated autophosphcrylation; and, inhibitors of activity 
were also inhibitors of autophosphcrylation. 
4. A variety of methods showed that neutral salts (0.1 M) in­
hibited catalytic activity by acting directly on the ki­
nase molecule. The order of salt inhibition was predicted 
by the Hofmeister series of anions. The neutral salts 
also inhibited autophosphcrylation. 
5. A stimulatory effect of salts was found as the salt con­
centration was increased. Increasing the concentration of 
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NaNOg from 0 to 1 M initially caused inhibition that was 
gradually overcome until, at the highest NaNO^ concentra­
tion tested, there was a 5-fold enhancement of the pH 6.8 
activity. This stimulation by NaNO^ abolished the lag of 
the reaction. 
6. The lag was also observed in the autophosphorylation of 
one of the subunits of phosphorylase kinase. Subunit B 
was phosphorylated at a constant rate at both pH 6.3 and 
8.2, as was subunit A at pH 8.2. The autophosphorylation 
of subunit A at pH 6.8, however, showed the characteristic 
lag observed with phosphorylase conversion. 
7. Evidence was found linking the lag and autophosphoryla­
tion. Autoactivation which occurred during incubation of 
nonactivated kinase with its substrates was found to be 
greater than earlier thought. Incubation with MgATP and 
phosphorylase b, or a peptide analog containing the con­
vertible seryl residue, caused a 23- and 18-fold stimula­
tion of the pH 5.8 activity of nonactivated kinase. The 
peptide analog was also found to stimulate autophosphoryl­
ation by 3-fold. It was assumed, as a working hypothesis, 
that autophosphorylation is responsible for the lag. 
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8. The implications, possible mechanism, and physiological 
significance of autophosphorylation are discussed. 
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